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(57) ABSTRACT 

The present invention provides isolated, genetically modified 
host cells, where a host cell is genetically modified with a 
nucleic acid that includes a nucleotide sequence encoding a 
biosynthetic pathway enzyme. Synthesis of the enzyme in the 
host cell results in conversion of a substrate for the enzyme 
into a biosynthetic pathway intermediate, which intermediate 
is produced in an amount effective to inhibit growth of the 
genetically modified host cell. The present invention further 
provides compositions and kits comprising a Subject geneti 
cally modified host cell. Subject host cells are useful for 
identifying a gene product having activity in a biosynthetic 
pathway. The present invention further provides methods of 
identifying a gene product having activity in a biosynthetic 
pathway. 
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T-1 
GATTAAGGCATGCACCATGGCCCTGACCGAAGAGAAACCGATCCGCCCGATCGCTAACT 
CTAATTCCGTACGTGGTACCGGGACTGGCTTCTCTTTGGCTAGGCGGGCTAGCGATTGA 

B-1 B-2 

T-2 T-3 
TCCCGCCGTCTATCTGGGGTGACCAGTTCCTGATCTACGAAAAGCAGGTTGAGCAGGG 
AGGGCGGCAGATAGACCCCACTGGTCAAGGACTAGATGCTTTTCGTCCAACTCGTCCCA 

B-3 
T-4 

TTGAACAGATCGTAAACGACCTGAAGAAAGAAGTTCGTCAGCTGCTGAAAGAAGCTCT 
CAACTTGTCTAGCATTTGCTGGACTTCTTTCTTCAAGCAGTCGACGACTTTCTTCGAGA 
B-4 B-5 
T-5 T-6 
GGACATCCCGATGAAACACGCTAACCTGCTGAAACTGATCGACGAGATCCAGCGTCTGG 
ccTigTAGGGCTACTTTGTGcGATTGGACGACTTTGACTAGCTGCTCTAGGTCGCAGAcc 

B-6 
T-7 

GTATCCCGTACCACTTCGAACGCGAAATCGACCACGCACTGCAGTGCATCTACGAAACC 
CATAGGGCATGGTGAAGCTTGCGCTTTAGCTGGTGCGTGACGTCACGTAGATGCTTTGG 
B-7 B-8 

T-8 T-9 
TACGGCGACAACTGGAACGGCGACCGTTCTTCTCTGTGGTTTCGTCTGAGCGTAAACA 
ATGCCGCTGTTGACCTTGCCGCTGGCAAGAAGAGACACCAAAGCAGACTACGCATTTGT 

B-9 
- O 

GGGCTACTACGTTACCTGTGACGTTTTTAACAACTACAAGGACAAGAACGGTGCTTTCA 
CCCGATGATGCAATGGACACTGCAAAAATTGTTGATGTTCCTGTTCTTGCCACGAAAGT 

B-10 B-1. 
T-11 T-12 
AACAGTCTCTGGCTAACGACGTTGAAGGCCTGCTGGAACTGTACGAAGCGACCTCCATG 
TTGTCAGA GCTGGAGGTAC 

B-12 
T-13 

CGTGTACCGGGTGAAATCATCCTGGAGGACGCGCTGGGTTTCACCCGTTCTCGTCTGTC 
GCACATGGCCCACTTTAGTAGGACCTCCTGCGCGACCCAAAGTGGGCAAGAGCAGACAG 

B-13 B-14 

T-14 T-15 
CATTATGACTAAAGACGCTTTCTCTACTAACCCGGCTCTGTTCACCGAAATCCAGCGTG 
GTAATACTGATTTCTGCGAAAGAGATGATTGGGCCGAGACAAGTGGCTTTAGGTCGCAC 

FIG. 12A 
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T-16 

CTCTGAAACAGCCGCTGTGGAAACGTCTGCCGCGTATCGAAGCAGCACAGTACATTCCG 
GAGACTTTGTCGGCGACACCTTTGCAGACGGCGCATAGCTTCGTCGTGTCATGTAAGGC 

B-16 B-17 
T-17 T-18 

TTTTACCAGCAGCAGGACTCTCACAACAAG ACCCTGCTGAAACTGGCTAAGCTGGAATT 
AAAATGGTCGTCG GACCTTAA 

B-18 
T-19 

CAACCTGCTGCAGTCTCTGCACAAAGAAGAACTGTCTCACGTTTGTAAGTGGTGGAAGG 
GTTGGACGACGTCAGAGACGTGTTTCTTCTTGACAGAGTGCAAACATTCACCACCTTCC 

B-19 B-20 
T-20 T-21. 

CATTTGACATCAAGAAAAACGCGCCGTGCCTGCGTGACCGTATCGTTGAATGTTACTTC 
GTAAACTGTAGTTCTTTTTGCGCGGCACGGACGCACTGGCATAGCAACTTACAATGAAG 

B-21 
T-22 

TGGGGTCTGGGTTCTGGTTATGAACCACAGTACTCCCGTGCACGTGTGTTCTTCACTAA 
ACCCCAGACCCAAGACCAATACTTGGTGTCATGAGGGCACGTGCACACAAGAAGTGATT 

B-22 B-23 
T-23 T-24 

AGCTGTAGCTGTTATCACCCTGATCGATGACACTTACGATGCTTACGGCACCTACGAAG 
TCGACATCGACAATAGTGGGACTAGCTACTGTGAATGCFACGAATGCCGTGGATGCTTC 

B-24 
T-25 

AACTGAAGATCTTTACTGAAGCTGTAGAACGCTGGTCTATCACTTGCCTGGACACTCTG 
TTGACTTCTAGAAATGACTTCGACATCTTGCGACCAGATAGTGAACGGACCTGTGAGAC 

B-25 B-26 
T-26 T-27 

CCGGAGTACATGAAACCGATCTACAAACTGTTCATGGATACCTACACCGAAATGGAGGA 
GGccTCATGTACTTTGGCTAGATGTTTGACAAGTAccTATGGATGTGGCTTTAccTCCT 

B-27 
T-28 

ATTCCTGGCAAAAGAAGGCCGTACCGACCTGTTCAACTGCGGTAAAGAGTTTGTTAAAG 
TAAGGACCGTTTTCTTCCGGCATGGCTGGACAAGTTGACGCCATTTCTCAAACAATTTC 

B-28 B-29 
T-29 

AATTCGTACGTAACCTGATGGTTGAAGCTAAATGGGCTAACGAAGGCCATATCCCGACT 
TTAAGCATGCATEGGACTACCAACTTCGATTTACCCGATTGCTTCCGGTATAGGGCTGA 

B-30 
T-30 T-31 
ACCGAAGAACATGACCCGGTTGTTATCATCACCGGCGGTGCAAACCTGCTGACCACCAC 
GGCTTCTTGTACTGGGCCAACAATAGTAGTGGCCGCCACGTTTGGACGACTGGTGGTG 

B-31 

FIG. 12B 
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T-32 

TTGcTATCGGGTATGTCCGACATCTTTACCAAGGAATCTGTTGAATGGGCTGTTTCTG 
AACGATAGACCCATACAGGCTGTAGAAATGGTTCCTTAGACAACTTACCCGACAAAGAC 
B-32 B-33 
T-33 T-34 
CACCGCCGCTGTTCCGTTACTCCGGTATTCTGGGTCGTCGTCTGAACGACCTGATGACC 
GTGGCGGCGACAAGGCAATGAGGCCATAAGACCCAGCAGCAGACTTGCTGGACTACTGG 

B-34 
T-35 

CACAAAGCAGAGCAGGAACGTAAACACTCTTCCTCCTCTCTGGAATCCTACATGAAGGA 
GTGTTTCGTCCGTCCTTGCATTTGTGAGAAGGAGGAGAGACCTTAGGATGTACTTCCT 

B-35 B-36 
T-36 T-37 

ATATAACGTTAACGAGGAGTACGCACAGACTCTGATCTATAAAGAAGTTGAAGACGTA 
EE TTCAACTTCTGCATA 

B-37 
T-38 

GGAAAGACATCAAccGTGAATACCTGACTACTAAAAACATCCCGCGCCCGCTGCTGATG 
CCTTTCTGTAGTTGGCACTTATGGACTGATGATTTTTGTAGGGCGCGGGCGACGACTAC 

B-38 B-39 
T-39 T-40 

GCAGTAATCTACCTGTGCCAGTTCCTGGAAGTACAGTACGCTGGAAAGAAACTTCAC 
CGTCATTAGATGGACACGGTCAAGGACCTTCATGTCATGCGACCATTTCTATTGAAGTG 

B - 4 O 
- 41 

TCGCATGGGCGACGAATACAAACACCTGATCAAATCCCTGCTGGTTTACCCGATGTCCA 
AGCGTACCCGCTGCTTATGTTTGTGGACTAGTTTAGGGACGACCAAATGGGCTACAGGT 

B-41 B-stop 
T-stop 
TCTGATCCCGGGATTAGAT SEQ ID NO: 23 
AGACTAGGGCCCTAACTASEQ ID NO: 24 

FIG. 12C 



US 7927,794 B2 Sheet 13 of 13 Apr. 19, 2011 U.S. Patent 

d 

dd). EK V?K?-KOETKEZTEKOETIKE elevoeren slaw 
d KETEIKT???K-ÈLÈKE oleuolemen law d dd. EKT???KE?T?KE oleuolenow gaew 

  



US 7,927,794 B2 
1. 

METHODS FOR DENTIFYINGA 
BIOSYNTHETIC PATHWAY GENE PRODUCT 

CROSS-REFERENCE 

This application claims the benefit of U.S. Provisional 
Patent Application No. 60/507,220, filed Sep. 29, 2003, 
which application is incorporated herein by reference in its 
entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

The U.S. government may have certain rights in this inven 
tion, pursuant to grant no. BES991 1463 awarded by the 
National Science Foundation. 

FIELD OF THE INVENTION 

The present invention is in the field of identification and 
isolation of genes involved in biosynthetic pathways, and in 
particular to identification and isolation of genes involved in 
terpenoid biosynthesis. 

BACKGROUND OF THE INVENTION 

Isoprenoids constitute an extremely large and diverse 
group of natural products that have a common biosynthetic 
origin, i.e., a single metabolic precursor, isopentenyl diphos 
phate (IPP). At least 20,000 isoprenoids have been described. 
By definition, isoprenoids are made up of so-called isoprene 
(C5) units. The number of C-atoms present in the isoprenoids 
can be divided by five (C5, C10, C15, C20, C25, C30 and 
C40); although irregular isoprenoids and polyterpenes have 
been reported. Isoprenoid compounds are also referred to as 
“terpenes' or “terpenoids.” Important members of the iso 
prenoids include the carotenoids, sesquiterpenoids, diterpe 
noids, and hemiterpenes. Carotenoids include, e.g., lycopene, 
B-carotene, and the like, many of which function as antioxi 
dants. Sesquiterpenoids, include, e.g., artemisinin, a com 
pound having anti-malarial activity. Diterpenoids, include, 
e.g., taxol, a cancer chemotherapeutic agent. 

Identification and characterization of genes involved in 
biosynthetic pathways is of interest in basic and applied 
research. Identification of genes involved in biosynthetic 
pathways is typically carried out by identifying mutant genes 
that adversely affect the pathway, and isolating the mutant 
gene. Such processes are time-consuming and laborious, and 
in many cases identify genes not directly related to the bio 
synthetic pathway of interest. Other standard methods used to 
identify new biosynthetic pathway genes involve the identi 
fication of genes with nucleotide sequence similarity to pre 
viously discovered genes. However, these methods have limi 
tations, as undiscovered biosynthetic pathway gene products 
may not bear sequence similarity to known biosynthetic path 
way gene products. As such, there is a need in the art for 
methods of identifying genes involved in biosynthetic path 
ways. The present invention addresses this need. 

LITERATURE 

Martin et al. Nature Biotechnology 21 (7):796-802 (2003); 
Wang and Ohnuma (2000) Biochim. Biophys. Acta 1529:33 
48; Trapp and Croteau (2001) Genetics 158:811-832: Back 
and Chappell (1996) Proc. Natl. Acad. Sci. USA 93:6841 
6845; U.S. Patent Publication No. 2003.0148479. 
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2 
SUMMARY OF THE INVENTION 

The present invention provides isolated, genetically modi 
fied host cells, where a host cell is genetically modified with 
a nucleic acid that includes a nucleotide sequence encoding a 
biosynthetic pathway enzyme. Synthesis of the enzyme in the 
host cell results in conversion of a substrate for the enzyme 
into a biosynthetic pathway intermediate, which intermediate 
is produced in an amount effective to inhibit growth of the 
genetically modified host cell. The present invention further 
provides compositions and kits comprising a Subject geneti 
cally modified host cell. Subject host cells are useful for 
identifying a gene product having activity in a biosynthetic 
pathway. The present invention further provides methods of 
identifying a gene product having activity in a biosynthetic 
pathway. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic representation of isoprenoid meta 
bolic pathways that result in the production of the terpene 
biosynthetic pathway intermediates polyprenyl diphosphates 
geranyl diphosphate (GPP), farnesyl diphosphate (FPP), and 
geranylgeranyl diphosphate (GGPPP), from isopentenyl 
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). 

FIG. 2 is a schematic representation of the mevalonate 
(MEV) pathway for the production of IPP. 

FIG. 3 is a schematic representation of the DXP pathway 
for the production of IPP and dimethylallyl pyrophosphate 
(DMAPP). 

FIG. 4 depicts growth inhibition of genetically modified 
Escherichia coli (E. coli) cells due to overproduction of FPP. 

FIG. 5 depicts relief of growth inhibition of genetically 
modified E. coli at all concentrations of mevalonate as a result 
of the presence of a sesquiterpene synthase gene. 

FIG. 6 depicts enrichment for bacteria capable of consum 
ing FPP in a mixed population. 
FIG.7 depicts growth inhibition due to the overproduction 

of IPP and DMAPP. 
FIG. 8 depicts relief of growth inhibition by expression of 

yhfR. 
FIG.9 depicts relief of growth inhibition by expression of 

nudF. 
FIG.10 is a graph depicting relief of growth inhibition of E. 

coli caused by HMG-CoA accumulation by co-expression of 
S. cerevisiae HMG-CoA reductase. 

FIG. 11 is a graph depicting the effect of co-expression of 
S. cerevisiae HMG-CoA reductase on growth inhibition by 
the terpene biosynthesis pathway intermediate HMG-CoA. 

FIGS. 12A-C depict the nucleotide sequence of a synthetic 
nucleic acid that encodes amorphadiene synthase. 

FIG. 13 depicts schematically the MevT, MevB, MBI, and 
MBIS operons. 

DEFINITIONS 

The terms “polynucleotide' and “nucleic acid.” used inter 
changeably herein, refer to a polymeric form of nucleotides of 
any length, either ribonucleotides or deoxynucleotides. Thus, 
this term includes, but is not limited to, single-, double-, or 
multi-stranded DNA or RNA, genomic DNA, cDNA, DNA 
RNA hybrids, or a polymer comprising purine and pyrimi 
dine bases or other natural, chemically or biochemically 
modified, non-natural, or derivatized nucleotide bases. 
As used herein, the terms "operon’ and “single transcrip 

tion unit are used interchangeably to refer to two or more 
contiguous coding regions (nucleotide sequences that encode 
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a gene product such as an RNA or a protein) that are coordi 
nately regulated by one or more controlling elements (e.g., a 
promoter). As used herein, the term “gene product” refers to 
RNA or protein that is encoded by a DNA, where a gene will 
typically comprise one or more nucleotide sequences that 
encode a protein, and may also include introns and other 
non-coding nucleotide sequences. 
The terms “peptide.” “polypeptide and “protein’ are used 

interchangeably herein, and refer to a polymeric form of 
amino acids of any length, which can include coded and 
non-coded amino acids, chemically or biochemically modi 
fied or derivatized amino acids, and polypeptides having 
modified peptide backbones. 
The term “naturally-occurring as used hereinas applied to 

a nucleic acid, a cell, or an organism, refers to a nucleic acid, 
cell, or organism that is found in nature. For example, a 
polypeptide or polynucleotide sequence that is present in an 
organism (including viruses) that can be isolated from a 
Source in nature and which has not been intentionally modi 
fied by a human in the laboratory is naturally occurring. 
Generally, the term naturally occurring refers to a nucleic 
acid, a cell, or an organism as present in a non-pathological 
(un-diseased) individual, such as would be typical for the 
species. 

"Recombinant as used herein, means that a particular 
DNA or RNA sequence is the product of various combina 
tions of cloning, restriction, and/or ligation steps resulting in 
a construct having a structural coding or non-coding 
sequence distinguishable from homologous sequences found 
in natural systems. Generally, DNA sequences encoding the 
structural coding sequence can be assembled from cDNA 
fragments and short oligonucleotide linkers, or from a series 
of oligonucleotides, to provide a synthetic gene which is 
capable of being expressed in a recombinant transcriptional 
unit. Such sequences can be provided in the form of an open 
reading frame uninterrupted by internal nontranslated 
sequences, or introns, which are typically present in eukary 
otic genes. Genomic DNA comprising the relevant sequences 
could also be used. Sequences of non-translated DNA may be 
present 5' or 3' from the open reading frame, where such 
sequences do not interfere with manipulation or expression of 
the coding regions. 

Thus, e.g., the term “recombinant polynucleotide or 
nucleic acid refers to one which is not naturally occurring, or 
is made by the artificial combination of two otherwise sepa 
rated segments of sequence. This artificial combination is 
often accomplished by either chemical synthesis means, or by 
the artificial manipulation of isolated segments of nucleic 
acids, e.g., by genetic engineering techniques. Such is usually 
done to replace a codon with a redundant codon encoding the 
same or a conservative amino acid, while typically introduc 
ing or removing a sequence recognition site. Alternatively, it 
is performed to join together nucleic acid segments of desired 
functions to generate a desired combination of functions. The 
term “recombinant virus or viral RNA refers to one which is 
not naturally occurring, or is made by the artificial combina 
tion of two or more otherwise distinct viruses. This artificial 
combination is often accomplished by either chemical Syn 
thesis means, or by the artificial manipulation of isolated 
segments of nucleic acids, e.g., by genetic engineering tech 
niques. 
By "construct” is meant a recombinant nucleic acid, gen 

erally recombinant DNA, which has been generated for the 
purpose of the expression of a specific nucleotide 
sequence(s), or is to be used in the construction of other 
recombinant nucleotide sequences. 
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4 
Similarly, a “recombinant polypeptide' refers to a 

polypeptide or polyprotein which is not naturally occurring, 
or is made by the artificial combination of two otherwise 
separated segments of amino acid sequences. This artificial 
combination may be accomplished by standard techniques of 
recombinant DNA technology, Such as described above, i.e., 
a recombinant polypeptide may be encoded by a recombinant 
polynucleotide. Thus, a recombinant polypeptide is an amino 
acid sequence encoded by all or a portion of a recombinant 
polynucleotide. 
As used herein, the term “exogenous nucleic acid refers to 

a nucleic acid that is not normally produced by a given bac 
terium, organism, or cell in nature. 
The terms “DNA regulatory sequences.” “control ele 

ments, and “regulatory elements.” used interchangeably 
herein, refer to transcriptional and translational control 
sequences, such as promoters, enhancers, polyadenylation 
signals, terminators, protein degradation signals, and the like, 
that provide for and/or regulate expression of a coding 
sequence and/or production of an encoded polypeptide in a 
host cell. 
The term “transformation' is used interchangeably herein 

with "genetic modification' and refers to a permanent or 
transient genetic change induced in a cell following introduc 
tion of new nucleic acid (i.e., DNA exogenous to the cell). 
Genetic change (“modification”) can be accomplished either 
by incorporation of the new DNA into the genome of the host 
cell, or by transient or stable maintenance of the new DNA as 
an episomal element. Where the cell is a mammalian cell, a 
permanent genetic change is generally achieved by introduc 
tion of the DNA into the genome of the cell. 

“Operably linked refers to a juxtaposition wherein the 
components so described are in a relationship permitting 
them to function in their intended manner. For instance, a 
promoter is operably linked to a coding sequence if the pro 
moter affects its transcription or expression. As used herein, 
the terms "heterologous promoter” and "heterologous control 
regions' refer to promoters and other control regions that are 
not normally associated with a particular nucleic acid in 
nature. For example, a “transcriptional control region heter 
ologous to a coding region' is a transcriptional control region 
that is not normally associated with the coding region in 
nature. 

A "host cell as used herein, denotes an in vivo or in vitro 
eukaryotic cell, a prokaryotic cell, or a cell from a multicel 
lular organism (e.g., a cell line) cultured as a unicellular 
entity, which eukaryotic or prokaryotic cells can be, or have 
been, used as recipients for a nucleic acid (e.g., an expression 
vector that comprises a nucleotide sequence encoding one or 
more biosynthetic pathway gene products), and include the 
progeny of the original cell which has been genetically modi 
fied by the nucleic acid. It is understood that the progeny of a 
single cell may not necessarily be completely identical in 
morphology or in genomic or total DNA complement as the 
original parent, due to natural, accidental, or deliberate muta 
tion. A “recombinant host cell (also referred to as a “geneti 
cally modified host cell) is a host cell into which has been 
introduced a nucleic acid, e.g., an expression vector, that 
comprises a nucleotide sequence encoding one or more bio 
synthetic pathway gene products. Similarly, a subject 
prokaryotic host cell is a genetically modified prokaryotic 
host cell (e.g., a bacterium), by virtue of introduction into a 
Suitable prokaryotic host cell an exogenous nucleic acid, e.g., 
a nucleic acid that is foreign to the prokaryotic host cell; and 
a Subject eukaryotic host cell is a genetically modified 
eukaryotic host cell, by virtue of introduction into a suitable 
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eukaryotic host cell an exogenous nucleic acid, e.g., a nucleic 
acid that is foreign to the eukaryotic host cell. 
As used herein the term "isolated' is meant to describe a 

polynucleotide, a polypeptide, or a cell that is in an environ 
ment different from that in which the polynucleotide, the 
polypeptide, or the cell naturally occurs. An isolated geneti 
cally modified host cell may be present in a mixed population 
of genetically modified host cells. 

Expression cassettes may be prepared comprising a tran 
Scription initiation region, the coding region for the protein of 
interest, and a transcriptional termination region. Transcrip 
tional control regions include promoters that provide for over 
expression of the protein of interest in the genetically modi 
fied host cell; control regions that provide for inducible 
expression, Such that when an inducing agent is added to the 
culture medium, transcription of the coding region of the 
protein of interest is induced. 
As used herein, the term “metabolic pathway' includes 

catabolic pathways and anabolic pathways. Anabolic path 
ways involve constructing a larger molecule from Smaller 
molecules, a process requiring energy. Catabolic pathways 
involve breaking down of larger molecules, often releasing 
energy. An anabolic pathway is referred to herein as “a bio 
synthetic pathway.” 
As used herein, the term “prenyl diphosphate' is used 

interchangeably with "prenyl pyrophosphate and includes 
monoprenyl diphosphates having a single prenyl group (e.g., 
IPP and DMAPP), as well as polyprenyl diphosphates that 
include 2 or more prenyl groups. Monoprenyl diphosphates 
include isopentenyl pyrophosphate (IPP) and its isomer dim 
ethylallyl pyrophosphate (DMAPP). 
As used herein, the term “terpene synthase” refers to any 

enzyme that enzymatically modifies IPP. DMAPP, or a poly 
prenyl pyrophosphate, such that a terpenoid compound is 
produced. The term “terpene synthase' includes enzymes that 
catalyze the conversion of a prenyl diphosphate into an iso 
prenoid. 
The word “pyrophosphate” is used interchangeably herein 

with “diphosphate.” Thus, e.g., the terms “prenyl diphos 
phate' and “prenyl pyrophosphate' are interchangeable; the 
terms "isopentenyl pyrophosphate' and "isopentenyl diphos 
phate' are interchangeable; the terms farnesyl diphosphate' 
and farnesyl pyrophosphate' are interchangeable; etc. 
The term “mevalonate pathway' or “MEV pathway' is 

used herein to refer to the biosynthetic pathway that converts 
acetyl-CoA to IPP through a MEV pathway intermediate. 
The term" 1-deoxy-D-xylulose 5-diphosphate pathway' or 

“DXP pathway' is used herein to refer to the pathway that 
converts glyceraldehyde-3-phosphate and pyruvate to IPP 
and DMAPP through a DXP pathway intermediate. 
As used herein, the term “prenyl transferase' is used inter 

changeably with the terms "isoprenyl diphosphate synthase' 
and “polyprenyl synthase' (e.g., “GPP synthase.” “FPP syn 
thase.” “OPP synthase, etc.) to refer to an enzyme that cata 
lyzes the consecutive 1'-4 condensation of isopentenyl 
diphosphate with allylic primer Substrates, resulting in the 
formation of prenyl diphosphates of various chain lengths. 
A nucleic acid is “hybridizable' to another nucleic acid, 

such as a cDNA, genomic DNA, or RNA, when a single 
stranded form of the nucleic acid can anneal to the other 
nucleic acid under the appropriate conditions of temperature 
and Solution ionic strength. Hybridization and washing con 
ditions are well known and exemplified in Sambrook, J., 
Fritsch, E. F. and Maniatis, T. Molecular Cloning: A Labora 
tory Manual, Second Edition, Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor (1989), particularly Chapter 11 
and Table 11.1 therein; and Sambrook, J. and Russell, W., 
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6 
Molecular Cloning: A Laboratory Manual. Third Edition, 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor 
(2001). The conditions of temperature and ionic strength 
determine the “stringency” of the hybridization. Stringency 
conditions can be adjusted to screen for moderately similar 
fragments, such as homologous sequences from distantly 
related organisms, to highly similar fragments, such as genes 
that duplicate functional enzymes from closely related organ 
isms. Post-hybridization washes determine stringency condi 
tions. One set of exemplary conditions uses a series of washes 
starting with 6xSSC (where SSC is 0.15 MNaCl and 15 mM 
citrate buffer), 0.5% SDS at room temperature for 15 minutes, 
then repeated with 2xSSC, 0.5% SDS at 45° C. for 30 min 
utes, and then repeated twice with 0.2xSSC, 0.5% SDS at 50° 
C. for 30 minutes. Other stringent conditions use higher tem 
peratures in which the washes are identical to those above 
except for the temperature of the final two 30 minute washes 
in 0.2xSSC, 0.5% SDS was increased to 60° C. Another set of 
highly stringent conditions uses two final washes in 0.1 xSSC, 
0.1% SDS at 65°C. Another example of stringent hybridiza 
tion conditions is hybridization at 50° C. or higher and 0.1 x 
SSC (15 mM sodium chloride/1.5 mM sodium citrate). 
Another example of stringent hybridization conditions is 
overnight incubation at 42°C. in a solution: 50% formamide, 
5xSSC (150 mM. NaCl, 15 mM trisodium citrate), 50 mM 
sodium phosphate (pH 7.6), 5xDenhardt’s solution, 10% dex 
tran Sulfate, and 20 ug/ml denatured, sheared salmon sperm 
DNA, followed by washing the filters in 0.1xSSC at about 65° 
C. Stringent hybridization conditions are hybridization con 
ditions that are at least as stringent as the above representative 
conditions. 

Hybridization requires that the two nucleic acids contain 
complementary sequences, although depending on the strin 
gency of the hybridization, mismatches between bases are 
possible. The appropriate stringency for hybridizing nucleic 
acids depends on the length of the nucleic acids and the 
degree of complementation, variables well known in the art. 
The greater the degree of similarity or homology between two 
nucleotide sequences, the greater the value of Tm for hybrids 
of nucleic acids having those sequences. The relative stability 
(corresponding to higher Tm) of nucleic acid hybridizations 
decreases in the following order: RNA:RNA, DNA:RNA, 
DNA:DNA. For hybrids of greater than 100 nucleotides in 
length, equations for calculating Tm have been derived (see 
Sambrook et al., supra, 9.50-9.51). For hybridizations with 
shorter nucleic acids, i.e., oligonucleotides, the position of 
mismatches becomes more important, and the length of the 
oligonucleotide determines its specificity (see Sambrook et 
al., Supra, 11.7-11.8). In one embodiment the length for a 
hybridizable nucleic acid is at least about 10 nucleotides. An 
exemplary minimum length for a hybridizable nucleic acid is 
at least about 15 nucleotides; at least about 20 nucleotides; or 
at least about 30 nucleotides. Furthermore, the skilled artisan 
will recognize that the temperature and wash Solution salt 
concentration may be adjusted as necessary according to 
factors such as length of the probe. 
The term “conservative amino acid substitution” refers to 

the interchangeability of residues having similar side chains. 
For example, a group of amino acids having aliphatic side 
chains is glycine, alanine, Valine, leucine, and isoleucine; a 
group of amino acids having aliphatic-hydroxyl side chains is 
serine and threonine; a group of amino acids having amide 
containing side chains is asparagine and glutamine; a group 
of amino acids having aromatic side chains is phenylalanine, 
tyrosine, and tryptophan; a group of amino acids having basic 
side chains is lysine, arginine, and histidine; and a group of 
amino acids having Sulfur-containing side chains is cysteine 
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and methionine. Exemplary conservative amino acids Substi 
tution groups are: Valine-leucine-isoleucine, phenylalanine 
tyrosine, lysine-arginine, alanine-valine, and asparagine 
glutamine. 

“Synthetic nucleic acids’ can be assembled from oligo 
nucleotide building blocks that are chemically synthesized 
using procedures known to those skilled in the art. These 
building blocks are ligated and annealed to form gene seg 
ments which are then enzymatically assembled to construct 
the entire gene. “Chemically synthesized as related to a 
sequence of DNA, means that the component nucleotides 
were assembled in vitro. Manual chemical synthesis of DNA 
may be accomplished using well-established procedures, or 
automated chemical synthesis can be performed using one of 
a number of commercially available machines. The nucle 
otide sequence of the nucleic acids can be modified for opti 
mal expression based on optimization of nucleotide sequence 
to reflect the codon bias of the host cell. The skilled artisan 
appreciates the likelihood of Successful expression if codon 
usage is biased towards those codons favored by the host. 
Determination of preferred codons can be based on a survey 
of genes derived from the host cell where sequence informa 
tion is available. 
A polynucleotide or polypeptide has a certain percent 

"sequence identity to another polynucleotide or polypep 
tide, meaning that, when aligned, that percentage of bases or 
amino acids are the same when comparing the two sequences. 
Sequence similarity can be determined in a number of differ 
ent manners. To determine sequence identity, sequences can 
be aligned using the methods and computer programs, includ 
ing BLAST, available over the world wide web at ncbi.nlm 
.nih.gov/BLAST. See, e.g., Altschul et al. (1990), J. Mol. 
Biol. 215:403-10. Another alignment algorithm is FASTA, 
available in the Genetics Computing Group (GCG) package, 
from Madison, Wis., USA, a wholly owned subsidiary of 
Oxford Molecular Group, Inc. Other techniques for align 
ment are described in Methods in Enzymology, Vol. 266: 
Computer Methods for Macromolecular Sequence Analysis 
(1996), ed. Doolittle, Academic Press, Inc., a division of 
Harcourt Brace & Co., San Diego, Calif., USA. Of particular 
interest are alignment programs that permit gaps in the 
sequence. The Smith-Waterman is one type of algorithm that 
permits gaps in sequence alignments. See Meth. Mol. Biol. 
70: 173-187 (1997). Also, the GAP program using the 
Needleman and Wunsch alignment method can be utilized to 
align sequences. See J. Mol. Biol. 48: 443-453 (1970). 

Before the present invention is further described, it is to be 
understood that this invention is not limited to particular 
embodiments described, as Such may, of course, vary. It is 
also to be understood that the terminology used herein is for 
the purpose of describing particular embodiments only, and is 
not intended to be limiting, since the scope of the present 
invention will be limited only by the appended claims. 
Where a range of values is provided, it is understood that 

each intervening value, to the tenth of the unit of the lower 
limit unless the context clearly dictates otherwise, between 
the upper and lower limit of that range and any other stated or 
intervening value in that stated range, is encompassed within 
the invention. The upper and lower limits of these smaller 
ranges may independently be included in the Smaller ranges, 
and are also encompassed within the invention, Subject to any 
specifically excluded limit in the stated range. Where the 
stated range includes one or both of the limits, ranges exclud 
ing either or both of those included limits are also included in 
the invention. 

Unless defined otherwise, all technical and scientific terms 
used herein have the same meaning as commonly understood 
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8 
by one of ordinary skill in the art to which this invention 
belongs. Although any methods and materials similar or 
equivalent to those described herein can also be used in the 
practice or testing of the present invention, the preferred 
methods and materials are now described. All publications 
mentioned herein are incorporated herein by reference to 
disclose and describe the methods and/or materials in con 
nection with which the publications are cited. 

It must be noted that as used herein and in the appended 
claims, the singular forms “a,” “and” and “the include plural 
referents unless the context clearly dictates otherwise. Thus, 
for example, reference to “a biosynthetic intermediate' 
includes a plurality of such intermediates, reference to “a 
nucleic acid includes a plurality of Such nucleic acids, and 
reference to “the genetically modified host cell includes 
reference to one or more genetically modified host cells and 
equivalents thereof known to those skilled in the art, and so 
forth. 
The publications discussed herein are provided solely for 

their disclosure prior to the filing date of the present applica 
tion. Nothing herein is to be construed as an admission that 
the present invention is not entitled to antedate Such publica 
tion by virtue of prior invention. Further, the dates of publi 
cation provided may be different from the actual publication 
dates which may need to be independently confirmed. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides screening methods for 
identifying a gene product having activity in a biosynthetic 
pathway. The methods generally involve a) producing a test 
cell by introducing into a genetically modified host cell an 
exogenous nucleic acid comprising a nucleotide sequence 
encoding a candidate gene product, wherein the genetically 
modified host cell produces a biosynthetic pathway interme 
diate, which intermediate is produced in an amount effective 
to inhibit growth of the genetically modified host cell; and b) 
determining the effect, if any, of expression of the candidate 
gene product on the growth of the test cell. A reduction in 
growth inhibition of the test cell indicates that the exogenous 
nucleic acid encodes a gene product having activity in the 
biosynthetic pathway. 
The present invention further provides isolated, genetically 

modified host cells; and libraries of genetically modified host 
cells. A subject genetically modified host cell is one that is 
genetically modified with one or more nucleic acids that 
include nucleotide sequences encoding one or more biosyn 
thetic pathway enzymes, forming a genetically modified host 
cell. Synthesis of the biosynthetic pathway enzyme(s) in the 
host cell results in conversion of a substrate for the enzyme 
into a biosynthetic pathway intermediate, which intermediate 
is produced in an amount effective to inhibit growth of the 
genetically modified host cell. The present invention further 
provides compositions and kits comprising a Subject geneti 
cally modified host cell; and compositions and kits compris 
ing a subject genetically modified host cell library. 
The present invention provides screening methods, for 

identifying a gene product having activity in a terpene bio 
synthetic pathway. The methods generally involve a) produc 
ing a test cell by introducing into a genetically modified host 
cell an exogenous nucleic acid comprising a nucleotide 
sequence encoding a candidate gene product, wherein the 
genetically modified host cell produces a terpene biosynthetic 
pathway intermediate, which intermediate is produced in an 
amount effective to inhibitgrowth of the genetically modified 
host cell; and b) determining the effect, if any, of expression 
of the candidate gene product on the growth of the test cell. A 
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reduction in growth inhibition indicates that the exogenous 
nucleic acid encodes a gene product having activity in the 
terpene biosynthetic pathway. 

FIG.1 depicts isoprenoid pathways involving modification 
of isopentenyl diphosphate (IPP) and/or its isomer dimethy 
lallyl diphosphate (DMAPP) by prenyl transferases to gener 
ate the polyprenyl diphosphates geranyl diphosphate (GPP), 
farnesyl diphosphate (FPP), and geranylgeranyl diphosphate 
(GGPP). GPP and FPP are further modified by terpene syn 
thases to generate monoterpenes and sesquiterpenes, respec 
tively; and GGPP is further modified by terpene synthases to 
generate diterpenes and carotenoids. IPP and DMAPP are 
generated by one of two pathways: the mevalonate (V) path 
way and the 1-deoxy-D-xylulose-5-phosphate (DXP) path 
way. FIG. 2 depicts schematically the MEV pathway, where 
acetyl CoA is converted via a series of reactions to IPP. FIG. 
3 depicts schematically the DXP pathway, in which pyruvate 
and D-glyceraldehyde-3-phosphate are converted via a series 
of reactions to IPP and DMAPP. Eukaryotic cells other than 
plant cells use the MEV isoprenoid pathway exclusively to 
convert acetyl-coenzyme A (acetyl-CoA) to IPP, which is 
subsequently isomerized to DMAPP. Plants use both the 
MEV and the mevalonate-independent, or DXP pathways for 
isoprenoid synthesis. Prokaryotes, with some exceptions, use 
the DXP pathway to produce IPP and DMAPP separately 
through a branch point. 
Genetically Modified Host Cells 
The present invention provides genetically modified host 

cells; libraries of genetically modified host cells; and compo 
sitions and kits comprising the genetically modified host 
cells. A subject genetically modified host cell is an isolated 
host cell that has been genetically modified with a nucleic 
acid(s) that comprises a nucleotide sequence(s) encoding a 
biosynthetic pathway enzyme(s); which genetically modified 
host cell produces the encoded biosynthetic pathway 
enzyme(s), which enzyme(s) results in conversion of a Sub 
strate for the enzyme into a biosynthetic pathway intermedi 
ate. When cultured in vitro under appropriate conditions, a 
Subject genetically modified host cell produces abiosynthetic 
pathway intermediate in an amount that is effective to inhibit 
growth of the genetically modified host cell, or induce death 
of the genetically modified host cell. The genetically modi 
fied host cells are useful for identifying a gene product having 
activity in a biosynthetic pathway, as described in more detail 
below. 
When cultured in vitro under appropriate conditions, a 

Subject genetically modified host cell produces abiosynthetic 
pathway intermediate intracellularly in an amount that is 
greater than the amount of the biosynthetic pathway interme 
diate produced in a control cell, e.g., the same cell not geneti 
cally modified with one or more nucleic acids encoding a 
biosynthetic pathway enzyme(s). Thus, e.g., a Subject geneti 
cally modified host cell produces at least about 10%, at least 
about 25%, at least about 50%, at least about 75%, at least 
about 2-fold, at least about 5-fold, or at least about 10-fold, or 
greater, more of the biosynthetic pathway intermediate than 
the amount of the biosynthetic pathway intermediate pro 
duced in a control cell, e.g., the same cell not genetically 
modified with one or more nucleic acids encoding a biosyn 
thetic pathway enzyme(s). Whether a subject genetically 
modified host cell produces more of the biosynthetic pathway 
intermediate than a control cell is readily determined by mea 
Suring the level of the intermediate, using standard methods. 
When cultured in vitro under appropriate conditions, a 

Subject genetically modified host cell accumulates a biosyn 
thetic pathway intermediate intracellularly in an amount that 
is toxic, e.g., growth inhibiting and/or death inducing. 
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Whether a subject genetically modified host cell accumulates 
a biosynthetic pathway intermediate intracellularly in an 
amount that is growth inhibiting is readily determined by 
monitoring the optical density of a liquid culture of the geneti 
cally modified host cell. Whether a subject genetically modi 
fied host cell accumulates a biosynthetic pathway intermedi 
ate intracellularly in an amount that induces death of the 
genetically modified host cell is readily determined by moni 
toring the viability of the cells, e.g., by plating the cells on 
agar containing appropriate growth media at various times 
during culture of the cells, and counting the number of colo 
nies formed (e.g., colony forming units, cfu). 
The biosynthetic pathway enzymes produced by a subject 

genetically modified host cell are in some embodiments pro 
duced at a higher level than the level of such enzymes pro 
duced by a control cell, e.g., the same cell not genetically 
modified with one or more nucleic acids encoding a biosyn 
thetic pathway enzyme(s). Thus, e.g., the biosynthetic path 
way enzymes produced by a subject genetically modified host 
cell will in some embodiments be produced at a level that is at 
least 25%, at least 50%, at least 75%, at least 2-fold, or at least 
5-fold, or more, higher than the level of such enzymes pro 
duced by a control cell, e.g., the same cell not genetically 
modified with one or more nucleic acids encoding a biosyn 
thetic pathway enzyme(s). 

In other embodiments, the biosynthetic pathway enzymes 
produced by a Subject genetically modified host cell are cata 
lytically more active than the enzymes produced by a control 
cell, e.g., the same cell not genetically modified with one or 
more nucleic acids encoding a biosynthetic pathway 
enzyme(s). 

In some embodiments, a subject genetically modified host 
cell comprises one or more nucleic acids that comprise nucle 
otide sequences encoding one or more biosynthetic pathway 
enzyme(s); where the nucleic acids are maintained extrach 
romosomally, e.g., are maintained episomally. For example, 
in Some embodiments, the nucleic acids are plasmids or other 
expression vectors that do not become integrated into the 
genome of the genetically modified host cell. In other 
embodiments, the nucleic acid is integrated into the genome 
of the genetically modified host cell. Integration includes 
multiple tandem integrations, multiple non-tandem integra 
tions, targeted integration, and random integration. 
Host Cells 

Genetically modified host cells are in many embodiments 
unicellular organisms, or are grown in culture as single cells. 
In some embodiments, the host cell is a eukaryotic cell. Suit 
able eukaryotic host cells include, but are not limited to, yeast 
cells, insect cells, plant cells, fungal cells, and algal cells. 
Suitable eukaryotic host cells include, but are not limited to, 
Pichia pastoris, Pichia finlandica, Pichia trehalophila, 
Pichia koclamae, Pichia membranaefaciens, Pichia opun 
tiae, Pichia thermotolerans, Pichia salictaria, Pichia guer 
cuum, Pichia piperi, Pichia stiptis, Pichia methanolica, 
Pichia sp., Saccharomyces cerevisiae, Saccharomyces sp., 
Hansenula polymorpha, Kluyveromyces sp., Kluyveromyces 
lactis, Candida albicans, Aspergillus nidulans, Aspergillus 
niger; Aspergillus Oryzae, Trichoderma reesei, Chrysospo 
rium lucknowense, Fusarium sp., Fusarium gramineum, 
Fusarium venenatum, Neurospora crassa, Chlamydomonas 
reinhardtii, and the like. 

In other embodiments, the genetically modified host cell is 
a prokaryotic cell. Suitable prokaryotic cells include, but are 
not limited to, any of a variety of laboratory strains of Escheri 
chia coli, Lactobacillus sp., Salmonella sp., Shigella sp., and 
the like. See, e.g., Carrier et al. (1992).J. Immunol. 148: 1176 
1181; U.S. Pat. No. 6,447,784; and Sizemore et al. (1995) 
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Science 270:299-302. Examples of Salmonella strains which 
can be employed in the present invention include, but are not 
limited to, Salmonella typhi and S. typhimurium. Suitable 
Shigella strains include, but are not limited to, Shigella flex 
neri, Shigella sonnei, and Shigella disenteriae. Typically, the 
laboratory strain is one that is non-pathogenic. Non-limiting 
examples of other suitable bacteria include, but are not lim 
ited to, Pseudomonas pudita, Pseudomonas aeruginosa, 
Pseudomonas mevalonii, Rhodobacter sphaeroides, Rhodo 
bacter capsulatus, Rhodospirillum rubrum, Rhodococcus 
sp., and the like. 
To generate a genetically modified host cell, one or more 

nucleic acids comprising nucleotide sequences encoding one 
or more biosynthetic pathway gene products is introduced 
stably or transiently into a host cell, using established tech 
niques, including, but not limited to, electroporation, calcium 
phosphate precipitation, DEAE-dextran mediated transfec 
tion, liposome-mediated transfection, and the like. For stable 
transformation, a nucleic acid will generally further include a 
selectable marker, e.g., any of several well-known selectable 
markers such as neomycin resistance, amplicillin resistance, 
tetracycline resistance, chloramphenicol resistance, kanamy 
cin resistance, and the like. 

In many embodiments, the nucleic acid with which the host 
cell is genetically modified is an expression vector that 
includes a nucleic acid comprising a nucleotide sequence that 
encodes a biosynthetic pathway enzyme. Suitable expression 
vectors include, but are not limited to, baculovirus vectors, 
bacteriophage vectors, plasmids, phagemids, cosmids, fos 
mids, bacterial artificial chromosomes, viral vectors (e.g. 
viral vectors based on vaccinia virus, poliovirus, adenovirus, 
adeno-associated virus, SV40, herpes simplex virus, and the 
like), P1-based artificial chromosomes, yeast plasmids, yeast 
artificial chromosomes, and any other vectors specific for 
specific hosts of interest (such as E. coli and yeast). Thus, for 
example, a nucleic acid encoding a biosynthetic pathway 
gene product(s) is included in any one of a variety of expres 
sion vectors for expressing the biosynthetic pathway gene 
product(s). Such vectors include chromosomal, nonchromo 
Somal and synthetic DNA sequences. 
Numerous suitable expression vectors are known to those 

of skill in the art, and many are commercially available. The 
following vectors are provided by way of example; for bac 
terial host cells: pCE vectors (Qiagen), pBlueScript plasmids, 
pNH vectors, lambda-ZAP vectors (Stratagene); pTrc99a, 
pKK223-3, pl.)R540, and pRIT2T (Pharmacia); for eukary 
otic host cells: pXT1, pSG5 (Stratagene), pSVK3, pBPV. 
pMSG, and pSVLSV40 (Pharmacia). However, any other 
plasmidor other vector may be used so longas it is compatible 
with the host cell. 

The biosynthetic pathway gene product-encoding nucle 
otide sequence in the expression vector is operably linked to 
an appropriate expression control sequence(s) (promoter) to 
direct synthesis of the encoded gene product. Depending on 
the host/vector system utilized, any of a number of suitable 
transcription and translation control elements, including con 
stitutive and inducible promoters, transcription enhancer ele 
ments, transcription terminators, etc. may be used in the 
expression vector (see e.g., Bitter et al. (1987) Methods in 
Enzymology, 153:516-544). 

Suitable promoters for use in prokaryotic host cells 
include, but are not limited to, a bacteriophage T7 RNA 
polymerase promoter, a trp promoter; a lac operon promoter, 
a hybrid promoter, e.g., a lac/tac hybrid promoter, a tac/tre 
hybrid promoter, a trp?lac promoter, a T7/lac promoter; a trc 
promoter, a tac promoter, and the like; an araBAD promoter, 
in vivo regulated promoters. Such as an SSaG promoter or a 
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12 
related promoter (see, e.g., U.S. Patent Publication No. 
2004013 1637), a pagC promoter (Pulkuinen and Miller, J. 
Bacteriol., 1991: 173(1): 86-93; Alpuche-Aranda et al., 
PNAS, 1992: 89(21): 10079-83), a nirB promoter (Harborne 
etal. (1992) Mol. Micro. 6:2805-2813), and the like (see, e.g., 
Dunstan et al. (1999) Infect. Immun. 67:5133-5141; McK 
elvie et al. (2004) Vaccine 22:3243-3255; and Chatfield etal. 
(1992) Biotechnol. 10:888-892); a sigma70 promoter, e.g., a 
consensus sigma 70 promoter (see, e.g., GenBank Accession 
Nos. AX798980, AX798.961, and AX798.183); a stationary 
phase promoter, e.g., a dips promoter, an SpV promoter, and the 
like; a promoter derived from the pathogenicity island SPI-2 
(see, e.g., WO96/17951); an actA promoter (see, e.g., 
Shetron-Rama etal. (2002) Infect. Immun, 70:1087-1096); an 
rpsM promoter (see, e.g., Valdivia and Falkow (1996). Mol. 
Microbiol. 22:367-378); a tet promoter (see, e.g., Hillen, W. 
and Wissmann, A. (1989) In Saenger, W. and Heinemann, U. 
(eds), Topics in Molecular and Structural Biology, Protein— 
Nucleic Acid Interaction. Macmillan, London, UK, Vol. 10, 
pp. 143-162): an SP6 promoter (see, e.g., Melton et al. (1984) 
Nucl. Acids Res. 12:7035-7056); and the like. 

Non-limiting examples of Suitable eukaryotic promoters 
include CMV immediate early, HSV thymidine kinase, early 
and late SV40, LTRs from retrovirus, and mouse metallothio 
nein-I. Selection of the appropriate vector and promoter is 
well within the level of ordinary skill in the art. The expres 
sion vector may also contain a ribosome binding site for 
translation initiation and a transcription terminator. The 
expression vector may also include appropriate sequences for 
amplifying expression. 

In addition, the expression vectors will in many embodi 
ments contain one or more selectable marker genes to provide 
a phenotypic trait for selection of transformed host cells such 
as dihydrofolate reductase or neomycin resistance for eukary 
otic cell culture, or Such as tetracycline or amplicillin resis 
tance in prokaryotic host cells such as E. coli. 

Generally, recombinant expression vectors will include 
origins of replication and selectable markers permitting trans 
formation of the host cell, e.g., the amplicillin resistance gene 
of E. coli, the S. cerevisiae TRP1 gene, etc.; and a promoter 
derived from a highly-expressed gene to direct transcription 
of the biosynthetic pathway gene product-encoding 
sequence. Such promoters can be derived from operons 
encoding glycolytic enzymes such as 3-phosphoglycerate 
kinase (PGK), C-factor, acid phosphatase, or heat shock pro 
teins, among others. 

In many embodiments, a genetically modified host cell is 
genetically modified with a nucleic acid that includes a nucle 
otide sequence encoding a biosynthetic pathway gene prod 
uct, where the nucleotide sequence encoding a biosynthetic 
pathway gene product is operably linked to an inducible 
promoter. Inducible promoters are well known in the art. 
Suitable inducible promoters include, but are not limited to, 
the pl. of bacteriophage w; Plac; Ptrp; Ptac (Ptrp-lac hybrid 
promoter); an isopropyl-beta-D-thiogalactopyranoside 
(IPTG)-inducible promoter, e.g., a lacZ promoter; a tetracy 
cline-inducible promoter, an arabinose inducible promoter, 
e.g., P., (see, e.g., Guzman et al. (1995).J. Bacteriol. 177: 
4121-4130); a xylose-inducible promoter, e.g., Pxyl (see, 
e.g., Kim et al. (1996) Gene 181:71-76); a GAL1 promoter; a 
tryptophan promoter, a lac promoter; an alcohol-inducible 
promoter, e.g., a methanol-inducible promoter, an ethanol 
inducible promoter; a raffinose-inducible promoter; a heat 
inducible promoter, e.g., heat inducible lambda P, promoter, 
a promoter controlled by a heat-sensitive repressor (e.g., 
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CI857-repressed lambda-based expression vectors; see, e.g., 
Hoffmann et al. (1999) FEMS Microbiol Lett. 177(2):327 
34); and the like. 

In many embodiments, a genetically modified host cell is 
genetically modified with a nucleic acid that includes a nucle 
otide sequence encoding a biosynthetic pathway gene prod 
uct, where the nucleotide sequence encoding a biosynthetic 
pathway gene product is operably linked to a constitutive 
promoter. Suitable constitutive-promoters for use in prokary 
otic cells are known in the art and include, but are not limited 
to, a sigma 70 promoter, e.g., a consensus sigma70 promoter. 

In yeast, a number of vectors containing constitutive or 
inducible promoters may be used. For a review see, Current 
Protocols in Molecular Biology, Vol. 2, 1988, Ed. Ausubel, et 
al., Greene Publish. Assoc. & Wiley Interscience, Ch. 13: 
Grant, et al., 1987. Expression and Secretion Vectors for 
Yeast, in Methods in Enzymology, Eds. Wu & Grossman, 
31987, Acad. Press, N.Y., Vol. 153, pp. 516-544: Glover, 
1986, DNA Cloning, Vol. I, IRL Press, Wash., D.C., Ch. 3; 
and Bitter, 1987, Heterologous Gene Expression in Yeast, 
Methods in Enzymology, Eds. Berger & Kimmel, Acad. 
Press, N.Y., Vol. 152, pp. 673-684; and The Molecular Biol 
ogy of the Yeast Saccharomyces, 1982, Eds. Strathern et al., 
Cold Spring Harbor Press, Vols. I and II. A constitutive yeast 
promoter such as ADH or LEU2 or an inducible promoter 
such as GAL may be used (Cloning in Yeast, Ch. 3, R. Roth 
stein In: DNA Cloning Vol. 11, A Practical Approach, Ed.D 
MGlover, 1986, IRL Press, Wash., D.C.). Alternatively, vec 
tors may be used which promote integration of foreign DNA 
sequences into the yeast chromosome. 

In some embodiments, a Subject genetically modified host 
cell is one that is genetically modified with a nucleic acid 
comprising a nucleotide sequence encoding a single gene 
product in a biosynthesis pathway. In other embodiments, a 
Subject host cell is genetically modified with a nucleic acid 
comprising nucleotide sequences encoding two or more gene 
products in a biosynthesis pathway. For example, the nucleic 
acid will in Some embodiments comprise nucleotide 
sequences encoding the first and second enzymes in a biosyn 
thetic pathway. In other embodiments, the nucleic acid will 
comprise nucleotide sequences encoding the first, second, 
and third enzymes in a biosynthetic pathway. In other 
embodiments, the nucleic acid will comprise nucleotide 
sequences encoding the second, third, and fourth enzymes in 
a biosynthetic pathway. In other embodiments, the nucleic 
acid will comprise nucleotide sequences encoding the third, 
fourth, and fifth enzymes in a biosynthetic pathway. In other 
embodiments, the nucleic acid will comprise nucleotide 
sequences encoding the fourth, fifth, and sixth enzymes in a 
biosynthetic pathway. In other embodiments, the nucleic acid 
will comprise nucleotide sequences encoding the first, third, 
and fifth enzymes in a biosynthetic pathway. 
Where the host cell is genetically modified to express two 

or more gene products in a biosynthetic pathway, nucleotide 
sequences encoding the two or more gene products will in 
Some embodiments each be contained on separate expression 
vectors. Where the host cell is genetically modified to express 
two or more gene products in a biosynthetic pathway, nucle 
otide sequences encoding the two or more gene products will 
in some embodiments be contained in a single expression 
vector. Where nucleotide sequences encoding the two or more 
gene products are contained in a single expression vector, in 
Some embodiments, the nucleotide sequences will be oper 
ably linked to a common control element (e.g., a promoter), 
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e.g., the common control element controls expression of all of 65 
the biosynthetic pathway gene product-encoding nucleotide 
sequences on the single expression vector. 

14 
In some embodiments, a nucleotide sequence encoding a 

biosynthetic pathway gene product will be operably linked to 
an inducible promoter. In other embodiments, a nucleotide 
sequence encoding a biosynthetic pathway gene product will 
be operably linked to a constitutive promoter. In some 
embodiments, where two or more biosynthetic pathway gene 
products are encoded by two or more nucleotide sequences, 
one of the nucleotide sequences will be operably linked to an 
inducible promoter, and one or more of the other nucleotide 
sequences will be operably linked to a constitutive promoter. 
Host Cells Genetically Modified with a Nucleic Acid Encod 
ing a Terpene Biosynthetic Pathway Enzyme 
A description of host cells genetically modified to express 

terpene biosynthetic pathway gene products follows. It 
should be noted that the following description is intended to 
provide an example, and is in no way limiting. In some 
embodiments, a Subject genetically modified host cell is a 
prokaryotic host cell genetically modified with a nucleic acid 
comprising a nucleotide sequence encoding gene product(s) 
in the terpene biosynthesis pathway. In some embodiments, a 
Subject genetically modified host cell is a eukaryotic host cell 
genetically modified with a nucleic acid comprising a nucle 
otide sequence encoding gene product(s) in the terpene bio 
synthesis pathway. 

Toxic intermediates (e.g., intermediates that are cell 
growth inhibiting and/or cell death inducing when accumu 
lated in a Subject genetically modified host cell) in a terpene 
biosynthetic pathway include, but are not limited to, HMG 
CoA. IPP, DMAPP, and a polyprenyl diphosphate (e.g., GPP 
FPP, GGPPGFPP, HexPP. HepPP, OPP, SPP, DPPNPP, UPP. 
etc.). 

In some embodiments, a subject genetically modified host 
cell is one that is genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
gene products that are active in the MEV pathway. In some 
embodiments, where a subject genetically modified host cell 
is one that is genetically modified with a nucleic acid com 
prising a nucleotide sequence encoding gene product(s) in the 
MEV pathway, the host cell is one that lacks endogenous 
genes encoding MEV pathway enzymes. In other embodi 
ments, the host cell has a functional endogenous MEV path 
way; however, the endogenous MEV pathway does not pro 
duce levels of a terpene biosynthetic pathway intermediate 
that are growth inhibiting or toxic. 

In other embodiments, a Subject genetically modified host 
cell is one that is genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
gene products that are active in the DXP pathway. In some 
embodiments, where a subject genetically modified host cell 
is one that is genetically modified with a nucleic acid com 
prising a nucleotide sequence encoding gene product(s) in the 
DXP pathway, the host cell is one that lacks endogenous 
genes encoding DXP pathway enzymes. In other embodi 
ments, the host cell has a functional endogenous DXP path 
way; however, the endogenous DXP pathway does not pro 
duce levels of a terpene biosynthetic pathway intermediate 
that are growth inhibiting or toxic. 

In some embodiments, each terpene biosynthetic pathway 
gene product is encoded on a separate nucleic acid. In other 
embodiments, two or more terpene biosynthetic pathway 
gene products are encoded on one expression vector. For 
example, in some embodiments, nucleotide sequences encod 
ing acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
MPD, and IDI are present on separate nucleic acids, e.g., on 
separate expression vectors. In other embodiments, nucle 
otide sequences encoding two or more of acetoacetyl-CoA 
thiolase, HMGS, HMGR, MK, PMK, MPD, and IDI are 
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present on a single nucleic acid, e.g., on a single expression 
vector. As another example, in Some embodiments, nucle 
otide sequences encoding 1-deoxy-D-xylulose-5-phosphate 
synthase, 1-deoxy-D-xylulose-5-phosphate reductoi 
somerase, 4-diphosphocytidyl-2-C-methyl-D-erythritol syn- 5 
thase, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 
2C-methyl-D-erythritol 2.4-cyclodiphosphate synthase, 
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, 
and isopentenyl/dimethylallyl diphosphate synthase are 
present on separate nucleic acids. In other embodiments, 
nucleotide sequences encoding two or more of 1-deoxy-D- 
Xylulose-5-phosphate synthase, 1-deoxy-D-xylulose-5- 
phosphate reductoisomerase, 4-diphosphocytidyl-2-C-me 
thyl-D-erythritol synthase, 4-diphosphocytidyl-2-C-methyl 
D-erythritol kinase, 2C-methyl-D-erythritol 2,4- 
cyclodiphosphate synthase, 1-hydroxy-2-methyl-2-(E)- 
butenyl 4-diphosphate synthase, and isopentenyl/ 
dimethylallyl diphosphate synthase are present on a single 
nucleic acid, e.g., on a single expression vector. 2O 

In some embodiments, a nucleotide sequence encoding a 
biosynthetic pathway gene product will be operably linked to 
an inducible promoter. In other embodiments, a nucleotide 
sequence encoding a biosynthetic pathway gene product will 
be operably linked to a constitutive promoter. In some 25 
embodiments, where two or more biosynthetic pathway gene 
products are encoded by two or more nucleotide sequences, 
one of the nucleotide sequences will be operably linked to an 
inducible promoter, and one or more of the other nucleotide 
sequences will be operably linked to a constitutive promoter. 30 
For example, in some embodiments, where one or more 
nucleic acids comprising nucleotide sequences encoding one 
or more of 1-deoxy-D-xylulose-5-phosphate synthase, 
1-deoxy-D-xylulose-5-phosphate reductoisomerase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 35 
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2C-me 
thyl-D-erythritol 2.4-cyclodiphosphate synthase, 1-hydroxy 
2-methyl-2-(E)-butenyl 4-diphosphate synthase, and isopen 
tenyl/dimethylallyl diphosphate synthase are used to 
genetically modified a host cell, one nucleotide sequence 40 
(e.g., the nucleotide sequence encoding 1-deoxy-D-xylulose 
5-phosphate synthase) is operably linked to an inducible pro 
moter, and the nucleotide sequences encoding one or more of 
1-deoxy-D-xylulose-5-phosphate reductoisomerase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 45 
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2C-me 
thyl-D-erythritol 2.4-cyclodiphosphate synthase, 1-hydroxy 
2-methyl-2-(E)-butenyl 4-diphosphate synthase, and isopen 
tenyl/dimethylallyl diphosphate synthase are operably linked 
to constitutive promoters. As another non-limiting example, 50 
in some embodiments, where one or more nucleic acids com 
prising nucleotide sequences encoding one or more of 
acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
MPK, and IDI are used to genetically modified a host cell, one 
nucleotide sequence, one nucleotide sequence (e.g., the 55 
nucleotide sequence encoding acetoacetyl-CoA thiolase, or 
the nucleotide sequence encoding MK) is operably linked to 
an inducible promoter, and the nucleotide sequences encod 
ing one or more of the other MEV pathway enzymes are 
operably linked to a constitutive promoter. 60 

In some embodiments, two or more of the terpene biosyn 
thetic pathway enzymes are arranged in a single transcription 
unit (an “operon'). In some of these embodiments, the nucle 
otide sequences in the operon that encode the terpene biosyn 
thetic pathway enzymes are operably linked to an inducible 65 
promoter. In other embodiments, the nucleotide sequences in 
the operon that encode the terpene biosynthetic pathway 

10 

15 

16 
enzymes are operably linked to a constitutive promoter. See, 
e.g., FIG. 13, for exemplary, non-limiting examples of Such 
operons. 
MEV Pathway 

In some embodiments, a Subject genetically modified host 
cell is one that is genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
gene products that are active in the MEV pathway (FIG.2). In 
some embodiments, each of the MEV pathway gene products 
is encoded on separate nucleic acids. In other embodiments, 
two or more MEV pathway gene products are encoded on a 
single nucleic acid. In some embodiments, each terpene bio 
synthetic pathway gene product is encoded on a separate 
nucleic acid. In other embodiments, two or more terpene 
biosynthetic pathway gene products are encoded on one 
expression vector. For example, in some embodiments, 
nucleotide sequences encoding acetoacetyl-CoA thiolase, 
HMGS, HMGR, MK, PMK, MPD, and IDI are present on 
separate nucleic acids. In other embodiments, nucleotide 
sequences encoding two or more of acetoacetyl-CoA thio 
lase, HMGS, HMGR, MK, PMK, MPD, and IDI are present 
on a single nucleic acid, e.g., on a single expression Vector. 

In some embodiments, a Subject genetically modified host 
cell is one that is genetically modified with a nucleic acid 
comprising nucleotide sequences encoding acetoacetyl-CoA 
thiolase, hydroxymethylglutaryl-CoA synthase (HMGS), 
and hydroxymethylglutaryl-CoA reductase (HMGR), which 
are the first three enzymes of the mevalonate (MEV) pathway 
of terpene synthesis (see FIG. 2), and which will generate 
synthesis of mevalonate. In other embodiments, a subject 
genetically modified host cell is one that is genetically modi 
fied with a nucleic acid comprising nucleotide sequences 
encoding mevalonate kinase (MK), phosphomevalonate 
kinase (PMK), and mevalonate pyrophosphate decarboxylase 
(MPD), which are the last three enzymes in the terpene bio 
synthetic pathway, and will yield IPP (see FIG. 2). In other 
embodiments, a Subject genetically modified host cell is one 
that is genetically modified with a nucleic acid comprising 
nucleotide sequences encoding MK. PMK, MPD, and iso 
pentenyl diphosphate isomerase (IDI). 

In other embodiments, a Subject genetically modified host 
cell is one that is genetically modified with a first nucleic acid 
comprising nucleotide sequences encoding acetoacetyl-CoA 
thiolase, HMGS, and HMGR; and a second nucleic acid 
comprising nucleotide sequences encoding MK, PMK, and 
MPD. In other embodiments, a host cell is genetically modi 
fied with a first nucleic acid comprising nucleotide sequences 
encoding acetoacetyl-CoA thiolase, HMGS, and HMGR; and 
a second nucleic acid comprising nucleotide sequences 
encoding MK. PMK, MPD, and IDI. In other embodiments, a 
Subject genetically modified host cell is one that is genetically 
modified with a nucleic acid comprising nucleotide 
sequences encoding acetoacetyl-CoA thiolase, HMGS, 
HMGR, MK, PMK, and MPD. In other embodiments, a sub 
ject genetically modified host cell is one that is genetically 
modified with a nucleic acid comprising nucleotide 
sequences encoding acetoacetyl-CoA thiolase, HMGS, 
HMGR, MK, PMK, MPD, and IDI. In particular embodi 
ments of interest, the genetically modified host cell is a 
prokaryotic cell. 

In particular embodiments of interest, the genetically 
modified host cell is a prokaryotic cell that is genetically 
modified with nucleic acids encoding MEV pathway gene 
products. Thus, in some embodiments, a Subject genetically 
modified host cell is a prokaryotic cell (e.g., E. coli) that is 
genetically modified with a nucleic acid that comprises nucle 
otide sequences encoding acetoacetyl-CoA thiolase, HMGS, 



US 7,927,794 B2 
17 

and HMGR In other embodiments, a subject genetically 
modified host cell is a prokaryotic cell (e.g., E. coli) that is 
genetically modified with a nucleic acid that comprises nucle 
otide sequences encoding MK, PMK, and MPD. In other 
embodiments, a subject genetically modified host cell is a 
prokaryotic cell (e.g., E. coli) that is genetically modified 
with a nucleic acid that comprises nucleotide sequences 
encoding MK. PMK, MPD, and IDI. In other embodiments, a 
Subject genetically modified host cell is a prokaryotic cell 
(e.g., E. coli) that is genetically modified with a first nucleic 
acid comprising nucleotide sequences encoding acetoacetyl 
CoA thiolase, HMGS, and HMGR; and a second nucleic acid 
comprising nucleotide sequences encoding MK, PMK, and 
MPD. In other embodiments, a subject genetically modified 
host cell is a prokaryotic cell (e.g., E. coli) that is genetically 
modified with a first nucleic acid comprising nucleotide 
sequences encoding acetoacetyl-CoA thiolase, HMGS, and 
HMGR, and a second nucleic acid comprising nucleotide 
sequences encoding MK, PMK, MPD, and IDI. In other 
embodiments, a subject genetically modified host cell is a 
prokaryotic cell (e.g., E. coli) that is genetically modified 
with a nucleic acid comprising nucleotide sequences encod 
ing acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
and MPD. In other embodiments, a subject genetically modi 
fied host cell is prokaryotic cell (e.g., E. coli) that is geneti 
cally modified with a nucleic acid comprising nucleotide 
sequences encoding acetoacetyl-CoA thiolase, HMGS, 
HMGR, MK, PMK, MPD, and IDI. 

Typically, as discussed above, a nucleic acid comprising a 
nucleotide sequence encoding a MEV pathway gene product 
is an expression vector. A wide variety of expression vectors 
are known in the art, and a number of suitable expression 
vectors are discussed hereinabove. In many embodiments, the 
expression vector is one that is suitable for use in prokaryotic 
cells. In some embodiments, a nucleotide sequence encoding 
a MEV pathway gene product, where the MEV pathway gene 
product-encoding nucleotide sequence is operably linked to 
(e.g., under the transcriptional control of) an inducible pro 
moter. Inducible promoters are well known in the art, and a 
number of suitable inducible promoters are discussed here 
inabove. 

In some embodiments, a Subject genetically modified host 
cell is a prokaryotic cell (e.g., E. coli) that is genetically 
modified with a nucleic acid that comprises a nucleotide 
sequence encoding acetoacetyl-CoA thiolase, HMGS, and 
HMGR, where the nucleotide sequence is operably linked to 
an inducible promoter, where the nucleic acid is an expression 
vector suitable for use to effect expression of a nucleic acid in 
a prokaryotic cell. In some embodiments, a subject geneti 
cally modified host cell is a prokaryotic cell (e.g., E. coli) that 
is genetically modified with a nucleic acid that comprises a 
nucleotide sequence encoding MK, PMK, and MPD, where 
the nucleotide sequence is operably linked to an inducible 
promoter, where the nucleic acid is an expression vector 
suitable for use to effect expression of a nucleic acid in a 
prokaryotic cell. In some embodiments, a subject genetically 
modified host cell is a prokaryotic cell (e.g., E. coli) that is 
genetically modified with a nucleic acid that comprises a 
nucleotide sequence encoding N. PMK, MPD, and IDI, 
where the nucleotide sequence is operably linked to an induc 
ible promoter, where the nucleic acid is an expression vector 
suitable for use to effect expression of a nucleic acid in a 
prokaryotic cell. In some embodiments, a subject genetically 
modified host cell is a prokaryotic cell (e.g., E. coli) that is 
genetically modified with a first nucleic acid that comprises a 
nucleotide sequence encoding acetoacetyl-CoA thiolase, 
HMGS, and HMGR, where the nucleotide sequence is oper 
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ably linked to an inducible promoter, where the nucleic acid is 
an expression vector Suitable for use to effect expression of a 
nucleic acid in a prokaryotic cell; and a second nucleic acid 
that comprises a nucleotide sequence encoding MK, PMK, 
and MPD, where the nucleotide sequence is operably linked 
to an inducible promoter, where the nucleic acid is an expres 
sion vector suitable for use to effect expression of a nucleic 
acid in a prokaryotic cell. In some embodiments, a subject 
genetically modified host cell is a prokaryotic cell (e.g., E. 
coli) that is genetically modified with a first nucleic acid that 
comprises a nucleotide sequence encoding acetoacetyl-CoA 
thiolase, HMGS, and HMGR, where the nucleotide sequence 
is operably linked to an inducible promoter, where the nucleic 
acid is an expression vector Suitable for use to effect expres 
sion of a nucleic acid in a prokaryotic cell; and a second 
nucleic acid that comprises a nucleotide sequence encoding 
MK, PMK, MPD, and IDI, where the nucleotide sequence is 
operably linked to an inducible promoter, where the nucleic 
acid is an expression vector Suitable for use to effect expres 
sion of a nucleic acid in a prokaryotic cell. In some embodi 
ments, the inducible promoter is a P. promoter. 

In some of these embodiments, the nucleotide sequences 
are arranged in a single transcription unit (an "operon'). See, 
e.g., FIG. 13. For example, in Some embodiments, a subject 
genetically modified host cell is a prokaryotic cell (e.g., E. 
coli) that is genetically modified with a nucleic acid compris 
ing nucleotide sequences that encode acetoacetyl-CoA thio 
lase, HMGS, and HMGR, arranged in a single transcription 
unit and operably linked to an inducible promoter. In some 
embodiments, a Subject genetically modified host cell is a 
prokaryotic cell (e.g., E. coli) that is genetically modified 
with a nucleic acid comprising nucleotide sequences that 
encode MK, PMK, and MPD, arranged in a single transcrip 
tion unit and operably linked to an inducible promoter. In 
Some embodiments, a subject genetically modified host cell is 
a prokaryotic cell (e.g., E. coli) that is genetically modified 
with a nucleic acid comprising nucleotide sequences that 
encode MK. PMK, MPD, and IDI arranged in a single tran 
Scription unit and operably linked to an inducible promoter. In 
other embodiments, a Subject genetically modified host cell is 
a prokaryotic cell (e.g., E. coli) that is genetically modified 
with two of the above-described operons. 

Nucleotide sequences encoding MEV pathway gene prod 
ucts are known in the art, and any known MEV pathway gene 
product-encoding nucleotide sequence can used to generate a 
Subject genetically modified host cell. For example, nucle 
otide sequences encoding acetoacetyl-CoA thiolase, HMGS, 
HMGR, MK, PMK, MPD, and IDI are known in the art. The 
following are non-limiting examples of known nucleotide 
sequences encoding MEV pathway gene products, with Gen 
Bank Accession numbers and organism following each MEV 
pathway enzyme, in parentheses: acetoacetyl-CoA thiolase: 
(NC 000913 REGION: 2324131 . . . 2325315; E. coli), 
(D49362; Paracoccus denitrificans); and (L20428; Saccha 
romyces cerevisiae): HMGS: (NC 001145. complement 
19061 ... 20536; Saccharomyces cerevisiae), (X96617; Sac 
charomyces cerevisiae), (X83882; Arabidopsis thaliana), 
(AB037907; Kitasatospora griseola), and (BT007302: 
Homo sapiens); HMGR: (NM 206548; Drosophila melano 
gaster), (NM 204485; Gallus gallus), (AB015627; Strepto 
myces sp. KO-3988), (AF542543; Nicotiana attenuata), 
(AB037907; Kitasatospora griseola), (AX128213, provid 
ing the sequence encoding a truncated HMGR. Saccharomy 
ces cerevisiae), and (NC 001145: complement (115734 . . . 
118898, Saccharomyces cerevisiae)); MK: (L77688; Arabi 
dopsis thaliana), and (X55875, Saccharomyces cerevisiae): 
PMK: (AF429385, Hevea brasiliensis), (NM 06556; Homo 
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sapiens), (NC 001145. complement 712315 . . . 713670; 
Saccharomyces cerevisiae); MPD: (X97557; Saccharomyces 
cerevisiae), (AF290095; Enterococcus faecium), and 
(U49260; Homo sapiens); and IDI: (NC 000913, 
3031087... 3031635: E. coli), and (AF082326: Haemato 
coccus pluvialis). 
The coding sequence of any known MEV pathway enzyme 

may be altered in various ways known in the art to generate 
targeted changes in the amino acid sequence of the encoded 
enzyme. The amino acid of a variant MEV pathway enzyme 
will usually be substantially similar to the amino acid 
sequence of any known MEV pathway enzyme, i.e. will differ 
by at least one amino acid, and may differ by at least two, at 
least 5, at least 10, or at least 20 amino acids, but typically not 
more than about fifty amino acids. The sequence changes may 
be substitutions, insertions or deletions. For example, as 
described below, the nucleotide sequence can be altered for 
the codon bias of a particular host cell. In addition, one or 
more nucleotide sequence differences can be introduced that 
result in conservative amino acid changes in the encoded 
protein. 
DXP Pathway 

In some embodiments, a Subject genetically modified host 
cell is one that is genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
gene products that are active in the DXP pathway (FIG.3). In 
some embodiments, each of the DXP pathway gene products 
is encoded on separate nucleic acids. In other embodiments, 
two or more DXP pathway gene products are encoded on a 
single nucleic acid. In general, the DXP pathway gene prod 
uct-encoding nucleic acids are expression vectors. In many 
embodiments, the nucleotide sequences encoding DXP path 
way gene products are operably linked to an inducible pro 
moter. 

For example, in Some embodiments, a subject genetically 
modified host cell is one that is genetically modified with one 
or more nucleic acids comprising nucleotide sequences 
encoding 1-deoxy-D-xylulose-5-phosphate synthase 
(“DXs), 1-deoxy-D-xylulose-5-phosphate reductoisomerase 
(“IspC), 4-diphosphocytidyl-2-C-methyl-D-erythritol syn 
thase (“IspD), 4-diphosphocytidyl-2-C-methyl-D-erythritol 
kinase (“IspE), 2C-methyl-D-erythritol 2.4-cyclodiphos 
phate synthase (“IspF'), 1-hydroxy-2-methyl-2-(E)-butenyl 
4-diphosphate synthase (“IspG”), and isopentenyl/dimethy 
lallyl diphosphate synthase (“IspH) (DXP pathway enzymes 
1-7). In other embodiments, a subject genetically modified 
host cell is one that is genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2C-me 
thyl-D-erythritol 2.4-cyclodiphosphate synthase, 1-hydroxy 
2-methyl-2-E)-butenyl 4-diphosphate synthase, and isopen 
tenyl/dimethylallyl diphosphate synthase (DXP pathway 
enzymes 3-7). 

In particular embodiments of interest, the genetically 
modified host cell is a eukaryotic cell (e.g., a yeast cell). Thus, 
in some embodiments, a subject genetically modified host 
cell is a eukaryotic cell (e.g., a yeast cell) that is genetically 
modified with one or more nucleic acids comprising nucle 
otide sequences encoding 1-deoxy-D-xylulose-5-phosphate 
synthase (“Dxs), 1-deoxy-D-xylulose-5-phosphate reduc 
toisomerase (“IspC), 4-diphosphocytidyl-2-C-methyl-D- 
erythritol synthase (“IspD), 4-diphosphocytidyl-2-C-me 
thyl-D-erythritol kinase (“IspE), 2C-methyl-D-erythritol 
2.4-cyclodiphosphate synthase (“IspF'), 1-hydroxy-2-me 
thyl-2-(E)-butenyl 4-diphosphate synthase (“IspG”), and iso 
pentenyl/dimethylallyl diphosphate synthase (“IspH) (DXP 
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pathway enzymes 1-7). In other embodiments, a subject 
genetically modified host cell is a eukaryotic cell (e.g., a yeast 
cell) that is genetically modified with one or more nucleic 
acids comprising nucleotide sequences encoding 4-diphos 
phocytidyl-2-C-methyl-D-erythritol synthase, 4-diphospho 
cytidyl-2-C-methyl-D-erythritol kinase, 2C-methyl-D-eryth 
ritol 2.4-cyclodiphosphate synthase, 1-hydroxy-2-methyl-2- 
(E)-butenyl 4-diphosphate synthase, and isopentenyl/ 
dimethylallyl diphosphate synthase (DXP pathway enzymes 
3-7). 
Prenyl Transferases 

In some embodiments, a Subject genetically modified host 
cell is genetically modified to include one or more nucleic 
acids comprising a nucleotide sequence(s) encoding one or 
more terpene biosynthetic pathway gene products (e.g., a 
MEV pathway enzyme, or a DXP pathway enzyme), as 
described above; and a nucleic acid comprising a nucleotide 
sequence that encodes a prenyl transferase. In these embodi 
ments, the genetically modified host cell Synthesizes a prenyl 
transferase whose product is growth inhibiting for the geneti 
cally modified host cell. 

Prenyltransferases constitute a broad group of enzymes 
catalyzing the consecutive condensation of IPP resulting in 
the formation of prenyl diphosphates of various chain 
lengths. Suitable prenyltransferases include enzymes that 
catalyze the condensation of IPP with allylic primer sub 
strates to form isoprenoid compounds with from about 5 
isoprene units to about 6000 isoprene units or more, e.g., from 
about 5 isoprene units to about 10 isoprene units, from about 
10 isoprene units to about 15 isoprene units, from about 15 
isoprene units to about 20 isoprene units, from about 20 
isoprene units to about 25 isoprene units, from about 25 
isoprene units to about 30 isoprene units, from about 30 
isoprene units to about 40 isoprene units, from about 40 
isoprene units to about 50 isoprene units, from about 50-iso 
prene units to about 100 isoprene units, from about 100 iso 
prene units to about 250 isoprene units, from about 250 iso 
prene units to about 500 isoprene units, from about 500 
isoprene units to about 1000 isoprene units, from about 1000 
isoprene units to about 2000 isoprene units, from about 2000 
isoprene units to about 3000 isoprene units, from about 3000 
isoprene units to about 4000 isoprene units, from about 4000 
isoprene units to about 5000 isoprene units, or from about 
5000 isoprene units to about 6000 isoprene units or more. 

Suitable prenyltransferases include, but are not limited to, 
an E-isoprenyl diphosphate synthase, including, but not lim 
ited to, geranyl diphosphate (GPP) synthase, farnesyl diphos 
phate (FPP) synthase, geranylgeranyl diphosphate (GGPP) 
synthase, hexaprenyl diphosphate (HexPP) synthase, hepta 
prenyl diphosphate (HepPP) synthase, octaprenyl (OPP) 
diphosphate synthase, solanesyl diphosphate (SPP) synthase, 
decaprenyl diphosphate (DPP) synthase, chicle synthase, and 
gutta-percha synthase; and a Z-isoprenyl diphosphate Syn 
thase, including, but not limited to, nonaprenyl diphosphate 
(NPP) synthase, undecaprenyl diphosphate (UPP) synthase, 
dehydrodolichyl diphosphate synthase, eicosaprenyl diphos 
phate synthase, natural rubber synthase, and other Z-isopre 
nyl diphosphate synthases. 
The nucleotide sequences of a numerous prenyl trans 

ferases from a variety of species are known, and can be used 
or modified for use in generating a subject genetically modi 
fied host cell. Nucleotide sequences encoding prenyl trans 
ferases are known in the art. See, e.g., Human farnesyl pyro 
phosphate synthetase mRNA (GenBank Accession No. 
J05262; Homo sapiens); farnesyl diphosphate synthetase 
(FPP) gene (GenBank Accession No. J05091; Saccharomy 
ces cerevisiae); isopentenyl diphosphate:dimethylallyl 



US 7,927,794 B2 
21 

diphosphate isomerase gene (J05090; Saccharomyces cerevi 
siae): Wang and Ohnuma (2000) Biochim. Biophys. Acta 
1529:33-48; U.S. Pat. No. 6,645,747: Arabidopsis thaliana 
farnesyl pyrophosphate synthetase 2 (FPS2)/FPP synthetase 
2/farnesyl diphosphate synthase 2 (Atag17190) mRNA 
(GenBank Accession No. NM 202836); Ginkgo biloba 
geranylgeranyl diphosphate synthase (ggpps) mRNA (Gen 
Bank Accession No. AY37 1321); Arabidopsis thaliana gera 
nylgeranyl pyrophosphate synthase (GGPS1)/GGPP syn 
thetase/farnesyltranstransferase (Atag36810) mRNA 
(GenBank Accession No. NM 119845); Synechococcus 
elongatus gene for farnesyl, geranylgeranyl, geranylfarnesyl 
hexaprenyl, heptaprenyl diphosphate synthase (SelF-HeppS) 
(GenBank Accession No. AB016095); etc. 

In some embodiments, a host cell is genetically modified 
with a nucleic acid comprising nucleotide sequences encod 
ing mevalonate kinase, phosphomevalonate kinase, meva 
lonate pyrophosphate decarboxylase, isopentenyl pyrophos 
phate isomerase, and a prenyl transferase. For example, in 
Some embodiments, a host cell is genetically modified with a 
nucleic acid comprising nucleotide sequences encoding 
mevalonate kinase, phosphomevalonate kinase, mevalonate 
pyrophosphate decarboxylase, isopentenyl pyrophosphate 
isomerase, and a prenyl transferase selected from a GPP 
synthase, an FPP synthase, a GGPP synthase, a GFPP syn 
thase, a HexPP synthase, a HepPP synthase, an OPP synthase, 
an SPP synthase, a DPP synthase, an NPP synthase, and a 
UPP synthase. As one non-limiting example, in some 
embodiments, a host cell is genetically modified with a 
nucleic acid comprising nucleotide sequences encoding 
mevalonate kinase, phosphomevalonate kinase, mevalonate 
pyrophosphate decarboxylase, isopentenyl pyrophosphate 
isomerase, and a farnesyl pyrophosphate synthase. 

In other embodiments, a host cell is genetically modified 
with a first nucleic acid comprising nucleotide sequences 
encoding acetoacetyl-CoA thiolase, hydroxymethylglutaryl 
CoA synthase, and hydroxymethylglutaryl-CoA reductase; 
and a second nucleic acid comprising nucleotide sequences 
encoding encoding mevalonate kinase, phosphomevalonate 
kinase, mevalonate pyrophosphate decarboxylase, isopente 
nyl pyrophosphate isomerase, and a prenyl transferase. For 
example, in some embodiments, a host cell is genetically 
modified with a first nucleic acid comprising nucleotide 
sequences encoding acetoacetyl-CoA thiolase, hydroxym 
ethylglutaryl-CoA synthase, and hydroxymethylglutaryl 
CoA reductase; and a second nucleic acid comprising nucle 
otide sequences encoding encoding mevalonate kinase, 
phosphomevalonate kinase, mevalonate pyrophosphate 
decarboxylase, isopentenyl pyrophosphate isomerase, and a 
prenyl transferase selected from a GPP synthase, an FPP 
synthase, a GGPP synthase, a GFPP synthase, a HexPP syn 
thase, a HepPP synthase, an OPP synthase, an SPP synthase, 
a DPP synthase, an NPP synthase, and a UPP synthase. As 
one non-limiting example, in Some embodiments, a host cell 
is genetically modified with a first nucleic acid comprising 
nucleotide sequences encoding acetoacetyl-CoA thiolase, 
hydroxymethylglutaryl-CoA synthase, and hydroxymethyl 
glutaryl-CoA reductase; and a second nucleic acid compris 
ing nucleotide sequences encoding encoding mevalonate 
kinase, phosphomevalonate kinase, mevalonate pyrophos 
phate decarboxylase, isopentenyl pyrophosphate isomerase, 
and a farnesyl pyrophosphate synthase. 

In some embodiments, a host cell is genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding 1-deoxy-D-xylulose-5-phosphate Syn 
thase, 1-deoxy-D-xylulose-5-phosphate reductoisomerase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 
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4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2C-me 
thyl-D-erythritol 2.4-cyclodiphosphate synthase, 1-hydroxy 
2-methyl-2-(E)-butenyl 4-diphosphate synthase, isopente 
nyl/dimethylallyl diphosphate synthase, and a prenyl 
transferase. For example, in some embodiments, a host cell is 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding 1-deoxy-D-xylulose-5- 
phosphate synthase, 1-deoxy-D-xylulose-5-phosphate 
reductoisomerase, 4-diphosphocytidyl-2-C-methyl-D-eryth 
ritol synthase, 4-diphosphocytidyl-2-C-methyl-D-erythritol 
kinase, 2C-methyl-D-erythritol 2.4-cyclodiphosphate Syn 
thase, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate Syn 
thase, isopentenyl/dimethylallyl diphosphate synthase, and a 
prenyl transferase selected from a GPP synthase, an FPP 
synthase, a GGPP synthase, a GFPP synthase, a HexPP syn 
thase, a HepPP synthase, an OPP synthase, an SPP synthase, 
a DPP synthase, an NPP synthase, and a UPP synthase. 

In some embodiments, a host cell is genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding 4-diphosphocytidyl-2-C-methyl-D- 
erythritol synthase, 4-diphosphocytidyl-2-C-methyl-D- 
erythritol kinase, 2C-methyl-D-erythritol 2.4-cyclodiphos 
phate synthase, 1-hydroxy-2-methyl-2-(E)-butenyl 
4-diphosphate synthase, and a prenyl transferase. For 
example, in some embodiments, a host cell is genetically 
modified with one or more nucleic acids comprising nucle 
otide sequences encoding 4-diphosphocytidyl-2-C-methyl 
D-erythritol synthase, 4-diphosphocytidyl-2-C-methyl-D- 
erythritol kinase, 2C-methyl-D-erythritol 2,4- 
cyclodiphosphate synthase, 1-hydroxy-2-methyl-2-(E)- 
butenyl 4-diphosphate synthase, and a prenyl transferase 
selected from a GPP synthase, an FPP synthase, a GGPP 
synthase, a GFPP synthase, a HexPP synthase, a HepPP syn 
thase, an OPP synthase, an SPP synthase, a DPP synthase, an 
NPP synthase, and a UPP synthase. 
Codon Usage 

In some embodiments, the nucleotide sequence encoding a 
biosynthetic pathway gene product is modified Such that the 
nucleotide sequence reflects the codon preference for the 
particular host cell. For example, the nucleotide sequence will 
in some embodiments be modified for yeast codon prefer 
ence. See, e.g., Bennetzen and Hall (1982) J. Biol. Chem. 
257(6): 3026-3031. As another non-limiting example, the 
nucleotide sequence will in other embodiments be modified 
for E. coli codon preference. See, e.g., Gouy and Gautier 
(1982) Nucleic Acids Res. 10(22):7055-7074: Eyre-Walker 
(1996) Mol. Biol. Evol. 13(6):864-872. See also Nakamura et 
al. (2000) Nucleic Acids Res. 28(1):292. 
Additional Genetic Modifications 

In some embodiments, a Subject genetically modified host 
cell is one that is genetically modified to include one or more 
nucleic acids comprising a nucleotide sequence(s) that 
encode terpene biosynthetic pathway gene product(s); and 
that is further genetically modified to achieve enhanced pro 
duction of a terpene biosynthetic pathway intermediate, and/ 
or that is further genetically modified such that an endog 
enous terpene biosynthetic pathway gene is functionally 
disabled. The term “functionally disabled, as used herein in 
the context of an endogenous terpene biosynthetic pathway 
gene, refers to a genetic modification of a terpene biosyn 
thetic pathway gene, which modification results in produc 
tion of a gene product encoded by the gene that is produced at 
below normal levels, and/or is non-functional. 

Genetic modifications that enhance production of an 
endogenous terpene biosynthetic pathway intermediate 
include, but are not limited to, genetic modifications that 
result in a reduced level and/or activity of a phosphotrans 
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acetylase in the host cell. The intracellular concentration of a 
terpene biosynthetic pathway intermediate is enhanced by 
increasing the intracellular concentration of acetyl-CoA. E. 
coli secretes a significant fraction of intracellular acetyl-CoA 
in the form of acetate into the medium. Deleting the gene 
encoding phosphotransacetylase, pta, the first enzyme 
responsible for transforming acetyl-CoA into acetate, 
reduces acetate secretion. Genetic modifications that reduce 
the level and/or activity of phosphotransacetylase in a 
prokaryotic host cell are particularly useful where the geneti 
cally modified host cell is one that is genetically modified 
with a nucleic acid comprising nucleotide sequences encod 
ing one or more MEV pathway gene products. 

In some embodiments, a genetic modification that results 
in a reduced level of phosphotransacetylase in a prokaryotic 
host cell is a genetic mutation that functionally disables the 
prokaryotic host cell's endogenous pta gene encoding the 
phosphotransacetylase. The pta gene can be functionally dis 
abled in any of a variety of ways, including insertion of a 
mobile genetic element (e.g., a transposon, etc.); deletion of 
all or part of the gene. Such that the gene product is not made, 
or is truncated and is non-functional in converting acetyl 
CoA to acetate; mutation of the gene Such that the gene 
product is not made, or is truncated and is non-functional in 
converting acetyl-CoA to acetate; deletion or mutation of one 
or more control elements that control expression of the pta 
gene Such that the gene product is not made; and the like. 

In Some embodiments, the endogenous pta gene of a 
genetically modified host cell is deleted. Any method for 
deleting a gene can be used. One non-limiting example of a 
method for deleting a pta gene is by use of the WRed recom 
bination system. Datsenko and Wanner (2000) Proc Natl 
AcadSci USA 97(12): p. 6640-5. The pta gene will in some 
embodiments be deleted from a host cell (e.g., E. coli) that is 
genetically modified with a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI. The pta 
gene will in some embodiments be deleted from a host cell 
(e.g., E. coli) that is genetically modified with a nucleic acid 
comprising nucleotide sequences encoding MK. PMK, MPD, 
and IPP. The pta gene will in some embodiments be deleted 
from a host cell (e.g., E. coli) that is genetically modified with 
a nucleic acid comprising nucleotide sequences encoding 
MK, PMK, MPD, IPP, and a prenyl transferase. 

In some embodiments, a Subject genetically modified host 
cell is one that is genetically modified to include one or more 
nucleic acids comprising a nucleotide sequence(s) that 
encode MEV biosynthetic pathway gene product(s); and that 
is further genetically modified such that an endogenous DXP 
biosynthetic pathway gene is functionally disabled. In other 
embodiments, a Subject genetically modified host cell is one 
that is genetically modified to include one or more nucleic 
acids comprising a nucleotide sequence(s) that encode DXP 
biosynthetic pathway gene product(s); and that is further 
genetically modified such that an endogenous MEV biosyn 
thetic pathway gene is functionally disabled. 

In some embodiments, where subject genetically modified 
host cell is a prokaryotic host cell that is genetically modified 
with nucleic acid(s) comprising nucleotide sequences encod 
ing one or more MEV pathway gene products, the host cell 
will be further genetically modified such that one or more 
endogenous DXP pathway genes is functionally disabled. 
DXP pathway genes that can be functionally disabled include 
one or more of the genes encoding any of the following DXP 
gene products: 1-deoxy-D-xylulose-5-phosphate synthase, 
1-deoxy-D-xylulose-5-phosphate reductoisomerase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2C-me 
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thyl-D-erythritol 2.4-cyclodiphosphate synthase, and 1-hy 
droxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase. 
An endogenous DXP pathway gene can be functionally 

disabled in any of a variety of ways, including insertion of a 
mobile genetic element (e.g., a transposon, etc.); deletion of 
all or part of the gene. Such that the gene product is not made, 
or is truncated and is enzymatically inactive; mutation of the 
gene Such that the gene product is not made, or is truncated 
and is enzymatically non-functional; deletion or mutation of 
one or more control elements that control expression of the 
gene Such that the gene product is not made; and the like. 

In other embodiments, where subject genetically modified 
host cell is a prokaryotic host cell that is genetically modified 
with nucleic acid(s) comprising nucleotide sequences encod 
ing one or more DXP pathway gene products, the host cell 
will be further genetically modified such that one or more 
endogenous MEV pathway genes is functionally disabled. 
Endogenous MEV pathway genes that can be functionally 
disabled include one or more of the genes encoding any of the 
following MEV gene products: HMGS, HMGR, MK, PMK, 
MPD, and IDI. An endogenous MEV pathway gene can be 
functionally disabled in any of a variety of ways, including 
insertion of a mobile genetic element (e.g., a transposon, 
etc.); deletion of all or part of the gene, Such that the gene 
product is not made, or is truncated and is enzymatically 
inactive; mutation of the gene Such that the gene product is not 
made, or is truncated and is enzymatically non-functional; 
deletion or mutation of one or more control elements that 
control expression of the gene Such that the gene product is 
not made; and the like. 
Compositions Comprising a Subject Genetically Modified 
Host Cell 
The present invention further provides compositions com 

prising a Subject genetically modified host cell. A subject 
composition comprises a Subject genetically modified host 
cell; and will in Some embodiments comprise one or more 
further components, which components are selected based in 
part on the intended use of the genetically modified host cell. 
Suitable components include, but are not limited to, salts; 
buffers; stabilizers; protease-inhibiting agents; cell mem 
brane- and/or cell wall-preserving compounds, e.g., glycerol, 
dimethylsulfoxide, etc.; nutritional media appropriate to the 
cell; and the like. 
Genetically Modified Host Cell Libraries 
The present invention provides a genetically modified host 

cell library. A subject genetically modified host cell library 
comprises at least two members, each of which members 
comprises a different nucleic acid(s) comprising a nucleotide 
sequence encoding a different biosynthetic pathway 
enzyme(s). In many embodiments, the genetically modified 
host cells in a subject library are microbial cells. In some 
embodiments, the cells are eukaryotic cells (e.g., yeast cells, 
algal cells, mammalian cells, etc., as described Supra), that 
can be grown in in vitro cell culture as unicellular entities. In 
other embodiments, the cells are prokaryotic cells, e.g., bac 
terial cells. 
A subject genetically modified host cell library includes 

from about 2 member genetically modified host cells to about 
50 member genetically modified host cells, each of which 
member host cell comprises a nucleic acid comprises a nucle 
otide sequence encoding a different biosynthetic pathway 
enzyme, e.g., a subject genetically modified host cell library 
includes from about 2 member genetically modified host cells 
to about 4 membergenetically modified host cells, from about 
4 member genetically modified host cells to about 6 member 
genetically modified host cells, from about 6 member geneti 
cally modified host cells to about 8 member genetically modi 
fied host cells, from about 8 member genetically modified 
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host cells to about 10 member genetically modified host cells, 
from about 10 member genetically modified host cells to 
about 12 member genetically modified host cells, from about 
12 member genetically modified host cells to about 14 mem 
ber genetically modified host cells, from about 14 member 
genetically modified host cells to about 16 member geneti 
cally modified host cells, from about 16 member bacteria to 
about 18 member genetically modified host cells, from about 
18 member genetically modified host cells to about 20 mem 
ber genetically modified host cells, or from about 20 member 
genetically modified host cells to about 50 genetically modi 
fied host cells, or more, each of which member genetically 
modified host cells comprises a nucleic acid comprises a 
nucleotide sequence encoding a different biosynthetic path 
way enzyme from other member genetically modified host 
cells. 

Typically, a plurality of each member host cell is present in 
the library, e.g., a Subject genetically modified host cell 
library comprises two or more member host cells, where from 
about 10 to about 10, from about 10 to about 10, from about 
10 to about 10, or from about 10° to about 10 or more of 
each member genetically modified host cells is present in the 
library. 

In some embodiments, a Subject genetically modified host 
cell library comprises two or more member genetically modi 
fied host cells, each of which genetically modified host cells 
comprises a different enzyme in a terpene biosynthetic path 
way. The following are non-limiting examples. 
Genetically Modified Prokaryotic Host Cell Libraries 

In some embodiments, a Subject genetically modified host 
cell library is a genetically modified bacterial library. A sub 
ject genetically modified bacterial library includes from 
about 2 member bacteria to about 50 member bacteria, each 
of which member bacteria comprises a nucleic acid com 
prises a nucleotide sequence encoding a different prenyl Syn 
thase, e.g., a Subject genetically modified bacterial library 
includes from about 2 member bacteria to about 4 member 
bacteria, from about 4 member bacteria to about 6 member 
bacteria, from about 6 member bacteria to about 8 member 
bacteria, from about 8 member bacteria to about 10 member 
bacteria, from about 10 member bacteria to about 12 member 
bacteria, from about 12 member bacteria to about 14 member 
bacteria, from about 14 member bacteria to about 16 member 
bacteria, from about 16 member bacteria to about 18 member 
bacteria, from about 18 member bacteria to about 20 member 
bacteria, or from about 20 member bacteria to about 50 mem 
ber bacteria, or more, each of which member genetically 
modified bacteria comprises a nucleic acid comprises a nucle 
otide sequence encoding a different prenyl synthase from the 
other member bacteria. Typically, a plurality of each member 
genetically modified bacterium is present in the population, 
e.g., a Subject genetically modified bacterial library com 
prises two or more member bacteria, where from about 10 to 
about 10, from about 10° to about 10, from about 10 to 
about 10, or from about 10° to about 10 or more of each 
member genetically modified bacterium is present in the 
library. 

In some embodiments, a Subject genetically modified host 
cell library includes at least two member bacteria, each of 
which comprises one or more nucleic acids comprising a 
nucleotide sequence encoding mevalonate kinase (MK), 
phosphomevalonate kinase (PMK), mevalonate pyrophos 
phate decarboxylase (MPD), and isoprenyl diphosphate 
isomerase (IDI); and a further nucleic acid comprising a 
nucleotide sequence encoding a different prenyl transferase 
from other member bacteria. In other embodiments, a subject 
genetically modified host cell library includes at least two 
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member bacteria, each of which comprises one or more 
nucleic acids comprising a nucleotide sequence encoding 
acetoacetyl-CoA thiolase, hydroxymethylglutaryl-CoA syn 
thase (HMGS), and hydroxymethylglutaryl-CoA reductase 
(HMGR); a further nucleic acid comprising a nucleotide 
sequence encoding MK, PMK, MPD, and IDI; and a third 
nucleic acid comprising a nucleotide sequence encoding a 
different prenyl transferase from other member bacteria. In 
other embodiments, a subject genetically modified host cell 
library includes at least two member bacteria, each of which 
comprises one or more nucleic acids comprising a nucleotide 
sequence encoding acetoacetyl-CoA thiolase, HMGS, 
HMGR, MK, PMK, MPD, and IDI; and a further nucleic acid 
comprising a nucleotide sequence encoding a different prenyl 
transferase from other member bacteria. 

In some embodiments, each of the member bacteria com 
prises a first nucleic acid, where the first nucleic acid is a 
single nucleic acid comprising nucleotide sequences encod 
ing MK, PMK, MPD, and IDI, and where the nucleotide 
sequences encoding MK, PMK, MPD, and IDI are operably 
linked to a common control element; and a second nucleic 
acid comprising a nucleotide sequence encoding a prenyl 
transferase. In some embodiments, each of the member bac 
teria comprise a first nucleic acid, where the first nucleic acid 
is a single nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, where the nucleotide 
sequences encoding MK, PMK, MPD, and IDI are operably 
linked to a common control element, and where the control 
element is an inducible promoter, and a second nucleic acid 
comprising a nucleotide sequence encoding a prenyl trans 
ferase. 

In some embodiments, each of the member genetically 
modified bacteria comprises a first nucleic acid, where the 
first nucleic acid is a single nucleic acid comprising nucle 
otide sequences encoding acetoacetyl-CoA thiolase, HMGS, 
and HMGR, and where the nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, and HMGR are operably 
linked to a common control element. In some embodiments, 
each of the member genetically modified bacteria comprise a 
first nucleic acid, where the first nucleic acid is a single 
nucleic acid comprising nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, and HMGR, where the 
nucleotide sequences encoding acetoacetyl-CoA thiolase, 
HMGS, and HMGR are operably linked to a common control 
element, and where the control element is an inducible pro 
moter. 

In some embodiments, a Subject genetically modified host 
cell library includes at least two member bacteria, each of 
which comprises one or more nucleic acids comprising a 
nucleotide sequence encoding 1-deoxy-D-xylulose-5-phos 
phate synthase, 1-deoxy-D-xylulose-5-phosphate reductoi 
somerase, 4-diphosphocytidyl-2-C-methyl-D-erythritol syn 
thase, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 
2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, and 
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase 
(“DXP pathway enzymes 1-6); and a further nucleic acid 
comprising a nucleotide sequence encoding a different prenyl 
transferase from other member bacteria. In some embodi 
ments, a subject genetically modified host cell library 
includes at least two member bacteria, each of which com 
prises one or more nucleic acids comprising a nucleotide 
sequence encoding DXP pathway enzymes 1-6 and isopen 
tenyl/dimethylallyl diphosphate synthase; and a further 
nucleic acid comprising a nucleotide sequence encoding a 
different prenyl transferase from other member bacteria. In 
other embodiments, a subject genetically modified host cell 
library includes at least two member bacteria, each of which 
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comprises one or more nucleic acids comprising a nucleotide 
sequence encoding 4-diphosphocytidyl-2-C-methyl-D- 
erythritol synthase, 4-diphosphocytidyl-2-C-methyl-D- 
erythritol kinase, 2C-methyl-D-erythritol 2.4-cyclodiphos 
phate synthase, and 1-hydroxy-2-methyl-2-(E)-butenyl 
4-diphosphate synthase (“DXP pathway enzymes 3-6); and 
a further nucleic acid comprising a nucleotide sequence 
encoding a different prenyl transferase from other member 
bacteria. In other embodiments, a Subject genetically modi 
fied host cell library includes at least two member bacteria, 
each of which comprises one or more nucleic acids compris 
ing a nucleotide sequence encoding DXP pathway enzymes 
3-6 and isopentenyl/dimethylallyl diphosphate synthase; and 
a further nucleic acid comprising a nucleotide sequence 
encoding a different prenyl transferase from other member 
bacteria. In some embodiments, DXP enzyme pathways 1-6 
(and optionally also isopentenyl/dimethylallyl diphosphate 
synthase), or DXP enzyme pathways 3-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), are 
encoded by nucleotide sequences that are operably linked to 
a common control element, e.g., an inducible promoter. 

For example, a Subject genetically modified bacterial 
library comprises two or more members each member com 
prising a nucleic acid comprising a nucleotide sequence 
encoding a different prenyl transferase selected from a GPP 
synthase, an FPP synthase, a GGPP synthase, a GFPP syn 
thase, a HexPP synthase, a HepPP synthase, an OPP synthase, 
an SPP synthase, a DPP synthase, an NPP synthase, and a 
UPP synthase. 

The following are non-limiting examples of a subject 
genetically modified host cell library, where the genetically 
modified host cells are bacteria. In some embodiments, a 
Subject genetically modified bacterial library comprises at 
least two member genetically modified bacteria, the first 
member bacterium comprising a nucleic acid comprising 
nucleotide sequences encoding MK, PMK, MPD, and IDI, 
and a nucleic acid comprising a nucleotide sequence encod 
ing an FPP synthase; and the second member bacterium com 
prising a nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, and a nucleic acid com 
prising a nucleotide sequence encoding a GPP synthase. 

In other embodiments, a subject genetically modified bac 
terial library comprises at least three member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding an FPP synthase; the second mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
GPP synthase; and the third member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase. 

In other embodiments, a subject genetically modified bac 
terial library comprises at least four member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding an FPP synthase; the second mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
GPP synthase; the third member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; and the fourth 
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member bacterium comprising a nucleic acid comprising 
nucleotide sequences encoding MK, PMK, MPD, and IDI, 
and a nucleic acid comprising a nucleotide sequence encod 
ing a HexPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least five member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding an FPP synthase; the second mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
GPP synthase; the third member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; the fourth mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
HexPP synthase; and the fifth member bacterium comprising 
a nucleic acid comprising nucleotide sequences encoding 
MK, PMK, MPD, and IDI, and a nucleic acid comprising a 
nucleotide sequence encoding a HepPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least six member genetically modi 
fied bacteria, the first memberbacterium comprising a nucleic 
acid comprising nucleotide sequences encoding MK, PMK, 
MPD, and IDI, and a nucleic acid comprising a nucleotide 
sequence encoding an FPP synthase; the second member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding MK, PMK, MPD, and IDI, and a nucleic 
acid comprising a nucleotide sequence encoding a GPP Syn 
thase; the third member bacterium comprising a nucleic acid 
comprising nucleotide sequences encoding MK, PMK, MPD, 
and IDI, and a nucleic acid comprising a nucleotide sequence 
encoding a GGPP synthase; the fourth member bacterium 
comprising a nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, and a nucleic acid com 
prising a nucleotide sequence encoding a HexPP synthase; 
the fifth member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding MK, PMK, MPD, and 
IDI, and a nucleic acid comprising a nucleotide sequence 
encoding a HepPP synthase and the sixth member bacterium 
comprising a nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, and a nucleic acid com 
prising a nucleotide sequence encoding an OPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least seven member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding an FPP synthase; the second mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
GPP synthase; the third member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; the fourth mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
HexPP synthase; the fifth member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding a HepPP synthase the sixth member 



US 7,927,794 B2 
29 

bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding MK, PMK, MPD, and IDI, and a nucleic 
acid comprising a nucleotide sequence encoding an OPP 
synthase; and the seventh member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and ID, and a nucleic acid comprising a nucle 
otide sequence encoding an SPP synthase. 

In other embodiments, a subject genetically modified bac 
terial library comprises at least eight member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding an FPP synthase; the second mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
GPP synthase; the third member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; the fourth mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
HexPP synthase; the fifth member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding a HepPP synthase the sixth member 
comprising a nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, and a nucleic acid com 
prising a nucleotide sequence encoding an OPP synthase; the 
seventh member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding MK, PMK, MPD, and 
IDI, and a nucleic acid comprising a nucleotide sequence 
encoding an SPP synthase; and the eighth member bacterium 
comprising a nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, and a nucleic acid com 
prising a nucleotide sequence encoding a DPP synthase. 

In other embodiments, a subject genetically modified bac 
terial library comprises at least nine member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding an FPP synthase; the second mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
GPP synthase; the third member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; the fourth mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding MK, PMK, MPD, and IDI, and a 
nucleic acid comprising a nucleotide sequence encoding a 
HexPP synthase; the fifth member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding a HepPP synthase the sixth member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding MK, PMK, MPD, and IDI, and a nucleic 
acid comprising a nucleotide sequence encoding an OPP 
synthase; the seventh member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI, and a nucleic acid comprising a nucle 
otide sequence encoding an SPP synthase; the eighth member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding MK, PMK, MPD, and IDI, and a nucleic 
acid comprising a nucleotide sequence encoding a DPP Syn 
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thase; and the ninth member bacterium comprising a nucleic 
acid comprising nucleotide sequences encoding MK, PMK, 
MPD, and IDI, and a nucleic acid comprising a nucleotide 
sequence encoding an NPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least ten member genetically modi 
fied bacteria, the first memberbacterium comprising a nucleic 
acid comprising nucleotide sequences encoding MK, PMK, 
MPD, and IDI, and a nucleic acid comprising a nucleotide 
sequence encoding an FPP synthase; the second member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding MK, PMK, MPD, and IDI, and a nucleic 
acid comprising a nucleotide sequence encoding a GPP Syn 
thase; the third member bacterium comprising a nucleic acid 
comprising nucleotide sequences encoding MK, PMK, MPD, 
and IDI, and a nucleic acid comprising a nucleotide sequence 
encoding a GGPP synthase; the fourth member bacterium 
comprising a nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, and a nucleic acid com 
prising a nucleotide sequence encoding a HexPP synthase; 
the fifth member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding MK, PMK, MPD, and 
IDI, and a nucleic acid comprising a nucleotide sequence 
encoding a HepPP synthase the sixth member bacterium 
comprising a nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, and a nucleic acid com 
prising a nucleotide sequence encoding an OPP synthase; the 
seventh member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding MK, PMK, MPD, and 
IDI, and a nucleic acid comprising a nucleotide sequence 
encoding an SPP synthase; the eighth member bacterium 
comprising a nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, and a nucleic acid com 
prising a nucleotide sequence encoding a DPP synthase; the 
ninth member bacterium comprising a nucleic acid compris 
ing nucleotide sequences encoding MK. PMK, MPD, and 
IDI, and a nucleic acid comprising a nucleotide sequence 
encoding an NPP synthase; and the tenth member bacterium 
comprising a nucleic acid comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI, and a nucleic acid com 
prising a nucleotide sequence encoding a UPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least two member genetically 
modified bacteria, the first member bacterium comprising a 
first nucleic acid comprising nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, and HMGR; a second 
nucleic acid comprising a nucleotide sequence encoding MK, 
PMK, MPD, and IDI; and a third nucleic acid comprising a 
nucleotide sequence encoding a prenyl transferase selected 
from a GPP synthase, an FPP synthase, a GGPP synthase, a 
GFPP synthase, a HexPP synthase, a HepPP synthase, an 
OPP synthase, an SPP synthase, a DPP synthase, an NPP 
synthase, and a UPP synthase; and a second member bacte 
rium comprising a first nucleic acid comprising nucleotide 
sequences encoding acetoacetyl-CoA thiolase, HMGS, and 
HMGR; a second nucleic acid comprising a nucleotide 
sequence encoding MK, PMK, MPD, and IDI; and a third 
nucleic acid comprising a nucleotide sequence encoding a 
prenyl transferase selected from a GPP synthase, an FPP 
synthase, a GGPP synthase, a GFPP synthase, a HexPP syn 
thase, a HepPP synthase, an OPP synthase, an SPP synthase, 
a DPP synthase, an NPP synthase, and a UPP synthase, where 
the third nucleic acid in the second bacterium comprises a 
nucleotide sequence encoding a prenyl transferase that is 
different from the prenyl transferase encoded by the third 
nucleic acid in the first bacterium. 
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In other embodiments, a subject genetically modified bac 
terial library comprises at least two member genetically 
modified bacteria, the first member bacterium comprising a 
first nucleic acid comprising nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
MPD, and IDI; and a second nucleic acid comprising a nucle 
otide sequence encoding a prenyl transferase selected from a 
GPP synthase, an FPP synthase, a GGPP synthase, a GFPP 
synthase, a HexPP synthase, a HepPP synthase, an OPP syn 
thase, an SPP synthase, a DPP synthase, an NPP synthase, and 
a UPP synthase; and a second member bacterium comprising 
a first nucleic acid comprising nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
MPD, and IDI; and a second nucleic acid comprising a nucle 
otide sequence encoding a prenyl transferase selected from a 
GPP synthase, an FPP synthase, a GGPP synthase, a GFPP 
synthase, a HexPP synthase, a HepPP synthase, an OPP syn 
thase, an SPP synthase, a DPP synthase, an NPP synthase, and 
a UPP synthase, where the second nucleic acid in the second 
bacterium comprises a nucleotide sequence encoding a pre 
nyl transferase that is different from the prenyl transferase 
encoded by the second nucleic acid in the first bacterium. 

In some embodiments, a Subject genetically modified bac 
terial library comprises at least two member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding 
1-deoxy-D-xylulose-5-phosphate synthase, 1-deoxy-D-Xy 
lulose-5-phosphate reductoisomerase, 4-diphosphocytidyl 
2-C-methyl-D-erythritol synthase, 4-diphosphocytidyl-2-C- 
methyl-D-erythritol kinase, 2C-methyl-D-erythritol 2,4- 
cyclodiphosphate synthase, and 1-hydroxy-2-methyl-2-(E)- 
butenyl 4-diphosphate synthase (collectively referred to as 
“DXP pathway enzymes 1-6’), and optionally also isopente 
nyl/dimethylallyl diphosphate synthase, and a nucleic acid 
comprising a nucleotide sequence encoding an FPP synthase; 
and the second member bacterium comprising a nucleic acid 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GPP synthase. 

In other embodiments, a subject genetically modified bac 
terial library comprises at least three member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding an FPP synthase; the 
second member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GPP synthase; and the third mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding DXP pathway enzymes 1-6 (and 
optionally also isopentenyl/dimethylallyl diphosphate Syn 
thase), and a nucleic acid comprising a nucleotide sequence 
encoding a GGPP synthase. 

In other embodiments, a subject genetically modified bac 
terial library comprises at least four member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding an FPP synthase; the 
second member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
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diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; and the fourth 
member bacterium comprising a nucleic acid comprising 
nucleotide sequences encoding DXP pathway enzymes 1-6 
(and optionally also isopentenyl/dimethylallyl diphosphate 
synthase), and a nucleic acid comprising a nucleotide 
sequence encoding a HexPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least five member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding an FPP synthase; the 
second member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding DXP pathway 
enzymes 1-6, and a nucleic acid comprising a nucleotide 
sequence encoding a GPP synthase; the third member bacte 
rium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a GGPP synthase; the fourth member bacterium compris 
ing a nucleic acid comprising nucleotide sequences encoding 
DXP pathway enzymes 1-6 (and optionally also isopentenyl/ 
dimethylallyl diphosphate synthase), and a nucleic acid com 
prising a nucleotide sequence encoding a HexPP synthase; 
and the fifth member bacterium comprising a nucleic acid 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a HepPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least six member genetically modi 
fied bacteria, the first memberbacterium comprising a nucleic 
acid comprising nucleotide sequences encoding DXP path 
way enzymes 1-6, and a nucleic acid comprising a nucleotide 
sequence encoding an FPP synthase; the second member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a GPP synthase; the third member bacterium comprising 
a nucleic acid comprising nucleotide sequences encoding 
DXP pathway enzymes 1-6 (and optionally also isopentenyl/ 
dimethylallyl diphosphate synthase), and a nucleic acid com 
prising a nucleotide sequence encoding a GGPP synthase; the 
fourth member bacterium comprising a nucleic acid compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-6 (and optionally also isopentenyl/dimethylallyl diphos 
phate synthase), and a nucleic acid comprising a nucleotide 
sequence encoding a HexPP synthase; the fifth member bac 
terium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a HeppP synthase and the sixth member bacterium com 
prising a nucleic acid comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
OPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least seven member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
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ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding an FPP synthase; the 
second member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GPP synthase; the third member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a GGPP synthase; the fourth member bacterium compris 
ing a nucleic acid comprising nucleotide sequences encoding 
DXP pathway enzymes 1-6 (and optionally also isopentenyl/ 
dimethylallyl diphosphate synthase), and a nucleic acid com 
prising a nucleotide sequence encoding a HexPP synthase; 
the fifth member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a HepPP synthase the sixth member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing an OPP synthase; and the seventh member bacterium 
comprising a nucleic acid comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
SPP synthase. 

In other embodiments, a subject genetically modified bac 
terial library comprises at least eight member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding an FPP synthase; the 
second member bacterium comprising a nucleic-acid com 
prising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GPP synthase; the third member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a GGPP synthase; the fourth member bacterium compris 
ing a nucleic acid comprising nucleotide sequences encoding 
DXP pathway enzymes 1-6 (and optionally also isopentenyl/ 
dimethylallyl diphosphate synthase), and a nucleic acid com 
prising a nucleotide sequence encoding a HexPP synthase; 
the fifth member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a HepPP synthase the sixth member 
comprising a nucleic acid comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
OPP synthase; the seventh member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding an SPP synthase; and the 
eighth member bacterium comprising a nucleic acid compris 
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ing nucleotide sequences encoding DXP pathway enzymes 
1-6 (and optionally also isopentenyl/dimethylallyl diphos 
phate synthase), and a nucleic acid comprising a nucleotide 
sequence encoding a DPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least nine member genetically 
modified bacteria, the first member bacterium comprising a 
nucleic acid comprising nucleotide sequences DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding an FPP synthase; the second mem 
ber bacterium comprising a nucleic acid comprising nucle 
otide sequences encoding DXP pathway enzymes 1-6 (and 
optionally also isopentenyl/dimethylallyl diphosphate Syn 
thase), and a nucleic acid comprising a nucleotide sequence 
encoding a GPP synthase; the third member bacterium com 
prising a nucleic acid comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding a 
GGPP synthase; the fourth member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding a HexPP synthase; the 
fifth memberbacterium comprising a nucleic acid comprising 
nucleotide sequences encoding DXP pathway enzymes 1-6 
(and optionally also isopentenyl/dimethylallyl diphosphate 
synthase), and a nucleic acid comprising a nucleotide 
sequence encoding a HepPP synthase the sixth member bac 
terium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing an OPP synthase; the seventh member bacterium com 
prising a nucleic acid comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
SPP synthase; the eighth member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding a DPP synthase; and the 
ninth member bacterium comprising a nucleic acid compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-6 (and optionally also isopentenyl/dimethylallyl diphos 
phate synthase), and a nucleic acid comprising a nucleotide 
sequence encoding an NPP synthase. 

In other embodiments, a Subject genetically modified bac 
terial library comprises at least ten member genetically modi 
fied bacteria, the first memberbacterium comprising a nucleic 
acid comprising nucleotide sequences encoding DXP path 
way enzymes 1-6 (and optionally also isopentenyl/dimethy 
lallyl diphosphate synthase), and a nucleic acid comprising a 
nucleotide sequence encoding an FPP synthase; the second 
member bacterium comprising a nucleic acid comprising 
nucleotide sequences encoding DXP pathway enzymes 1-6 
(and optionally also isopentenyl/dimethylallyl diphosphate 
synthase), and a nucleic acid comprising a nucleotide 
sequence encoding a GPP synthase; the third member bacte 
rium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a GGPP synthase; the fourth member bacterium compris 
ing a nucleic acid comprising nucleotide sequences encoding 
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DXP pathway enzymes 1-6 (and optionally also isopentenyl/ 
dimethylallyl diphosphate synthase), and a nucleic acid com 
prising a nucleotide sequence encoding a HexPP synthase; 
the fifth member bacterium comprising a nucleic acid com 
prising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a HepPP synthase the sixth member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing an OPP synthase; the seventh member bacterium com 
prising a nucleic acid comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
SPP synthase; the eighth member bacterium comprising a 
nucleic acid comprising nucleotide sequences encoding DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding a DPP synthase; the ninth 
member bacterium comprising a nucleic acid comprising 
nucleotide sequences encoding DXP pathway enzymes 1-6 
(and optionally also isopentenyl/dimethylallyl diphosphate 
synthase), and a nucleic acid comprising a nucleotide 
sequence encoding an NPP synthase; and the tenth member 
bacterium comprising a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a UPP synthase. 

In other embodiments, a subject genetically modified bac 
terial library comprises at least two member genetically 
modified bacteria, the first member bacterium comprising a 
first nucleic acid comprising nucleotide sequences encoding 
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2C-me 
thyl-D-erythritol 2.4-cyclodiphosphate synthase, and 1-hy 
droxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (col 
lectively referred to as “DXP pathway enzymes 3-6) and 
optionally also isopentenyl/dimethylallyl diphosphate Syn 
thase; and a second nucleic acid comprising a nucleotide 
sequence encoding a prenyl transferase selected from a GPP 
synthase, an FPP synthase, a GGPP synthase, a GFPP syn 
thase, a HexPP synthase, a HepPP synthase, an OPP synthase, 
an SPP synthase, a DPP synthase, an NPP synthase, and a 
UPP synthase; and a second member bacterium comprising a 
first nucleic acid comprising nucleotide sequences encoding 
DXP pathway enzymes 3-6 and optionally also isopentenyl/ 
dimethylallyl diphosphate synthase; and a second nucleic 
acid comprising a nucleotide sequence encoding a prenyl 
transferase selected from a GPP synthase, an FPP synthase, a 
GGPP synthase, a GFPP synthase, a HexPP synthase, a 
HepPP synthase, an OPP synthase, an SPP synthase, a DPP 
synthase, an NPP synthase, and a UPP synthase, where the 
second nucleic acid in the second bacterium comprises a 
nucleotide sequence encoding a prenyl transferase that is 
different from the prenyl transferase encoded by the second 
nucleic acid in the first bacterium. 
Genetically Modified Eukaryotic Host Cell Libraries 

In some embodiments, a Subject genetically modified host 
cell library is a genetically modified eukaryotic host cell 
library. In some embodiments, the genetically modified 
eukaryotic host cells are yeast cells (e.g., Saccharomyces 
cerevisiae, Pichia, and the like). The following description 
exemplifies yeast cells; however, it should be understood that 
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a subject genetically modified eukaryotic host cell library is 
in no way limited to genetically modified yeast cells. 
A subject genetically modified yeast library includes from 

about 2 member yeast to about 50 member yeast cells, each of 
which member yeast cells comprises a nucleic acid comprises 
a nucleotide sequence encoding a different prenyl synthase, 
e.g., a subject genetically modified yeast library includes 
from about 2 member yeast to about 4 member yeast cells, 
from about 4 member yeast cells to about 6 member yeast 
cells, from about 6 member yeast cells to about 8 member 
yeast cells, from about 8 member yeast cells to about 10 
member yeast, cells from about 10 member yeast cells to 
about 12 member yeast cells, from about 12 member yeast 
cells to about 14 member yeast cells from about 14 member 
yeast cells to about 16 member yeast cells, from about 16 
member yeast cells to about 18 member yeast cells, from 
about 18 member yeast cells to about 20 member yeast cells, 
or from about 20 member yeast cells to about 50 member 
yeast cells, or more, each of which member genetically modi 
fied yeast cells comprises a nucleic acid comprises a nucle 
otide sequence encoding a different prenyl synthase from the 
other member yeast cells. Typically, a plurality of each mem 
ber genetically modified yeast cell is present in the library, 
e.g., a Subject genetically modified yeast library comprises 
two or more member yeast cells, where from about 10 to 
about 10, from about 10° to about 10, from about 10 to 
about 10, or from about 10° to about 10 or more of each 
member genetically modified yeast cells is present in the 
library. 

In some embodiments, a Subject genetically modified host 
cell library includes at least two member yeast cells, each of 
which comprises one or more nucleic acids comprising nucle 
otide sequences encoding MK. PMK, MPD, and IDI; and a 
further nucleic acid comprising a nucleotide sequence encod 
ing a different prenyl transferase from other member yeast 
cells. In other embodiments, a Subject genetically modified 
host cell library includes at least two member yeast cells, each 
of which comprises one or more nucleic acids comprising a 
nucleotide sequence encoding acetoacetyl-CoA thiolase, 
HMGS, and HMGR: one or more nucleic acids comprising a 
nucleotide sequence encoding N. PMK, MPD, and IDI; and a 
further nucleic acid comprising a nucleotide sequence encod 
ing a different prenyl transferase from other member yeast 
cells. 

In some embodiments, each of the member genetically 
modified yeast cells comprises one or more nucleic acids 
comprising nucleotide sequences encoding MK, PMK, MPD, 
and IDI, and where at least one of the nucleotide sequences is 
operably linked to an inducible promoter; and a further 
nucleic acid comprising a nucleotide sequence encoding a 
prenyl transferase. In some embodiments, each of the mem 
ber genetically modified yeast cells comprises one or more 
nucleic acids comprising nucleotide sequences encoding 
MK, PMK, MPD, and IDI, where at least one of the nucle 
otide sequences is operably linked to an inducible promoter; 
and a further nucleic acid comprising a nucleotide sequence 
encoding a prenyl transferase. 

In some embodiments, each of the member genetically 
modified yeast cells comprises nucleic acids comprising 
nucleotide sequences encoding acetoacetyl-CoA thiolase, 
HMGS, and HMGR, and where at least one of the nucleotide 
sequences is operably linked to an inducible promoter. 

In some embodiments, a Subject genetically modified host 
cell library includes at least two member genetically modified 
yeast cells, each of which comprises one or more nucleic 
acids comprising nucleotide sequences encoding DXP path 
way enzymes 1-6, and a further nucleic acid comprising a 
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nucleotide sequence encoding a different prenyl transferase 
from other member genetically modified yeast cells. In other 
embodiments, a subject genetically modified host cell library 
includes at least two membergenetically modified yeast cells, 
each of which comprises one or more nucleic acids compris 
ing a nucleotide sequence encoding DXP pathway enzymes 
3-6; and a further nucleic acid comprising a nucleotide 
sequence encoding a different prenyl transferase from other 
member genetically modified yeast cells. In some embodi 
ments, at least one of the nucleotide sequences encoding one 
of DXPenzyme pathways 1-6, or DXPenzyme pathways 3-6, 
is operably linked to an inducible promoter. 

For example, a Subject genetically modified host cell 
library comprises two or more member genetically modified 
yeast cells, each member genetically modified yeast cell a 
nucleic acid comprising a nucleotide sequence encoding a 
different prenyl transferase selected from a GPP synthase, an 
FPP synthase, a GGPP synthase, a GFPP synthase, a HexPP 
synthase, a HepPP synthase, an OPP synthase, an SPP syn 
thase, a DPP synthase, an NPP synthase, and a UPP synthase. 
Any of the above-described specific examples of a subject 
genetically modified bacterial library can be modified such 
that the genetically modified host cells are yeast. 

In some embodiments, a Subject genetically modified yeast 
cells library comprises at least two member genetically modi 
fied yeast cells, the first member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing 1-deoxy-D-xylulose-5-phosphate synthase, 1-deoxy-D- 
Xylulose-5-phosphate reductoisomerase, 4-diphosphocyti 
dyl-2-C-methyl-D-erythritol synthase, 4-diphosphocytidyl 
2C-methyl-D-erythritol kinase, 2C-methyl-D-erythritol 2,4- 
cyclodiphosphate synthase, and 1-hydroxy-2-methyl-2-(E)- 
butenyl 4-diphosphate synthase (collectively referred to as 
“DXP pathway enzymes 1-6’), and optionally also isopente 
nyl/dimethylallyl diphosphate synthase, and a nucleic acid 
comprising a nucleotide sequence encoding an FPP synthase; 
and the second member yeast cell comprising one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 1-6 (and optionally also isopentenyl/ 
dimethylallyl diphosphate synthase), and a nucleic acid com 
prising a nucleotide sequence encoding a GPP synthase. 

In other embodiments, a Subject genetically modified yeast 
cell library comprises at least three member genetically modi 
fied yeast cells, the first member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-6 (and optionally also isopen 
tenyl/dimethylallyl diphosphate synthase), and a nucleic acid 
comprising a nucleotide sequence encoding an FPP synthase; 
the second member yeast cell comprising one or more nucleic 
acids comprising nucleotide sequences encoding DXP path 
way enzymes 1-6 (and optionally also isopentenyl/dimethy 
lallyl diphosphate synthase), and a nucleic acid comprising a 
nucleotide sequence encoding a GPP synthase; and the third 
member yeast cell comprising one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase. 

In other embodiments, a Subject genetically modified yeast 
cell library comprises at least four member genetically modi 
fied yeast cells, the first member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-6 (and optionally also isopen 
tenyl/dimethylallyl diphosphate synthase), and a nucleic acid 
comprising a nucleotide sequence encoding an FPP synthase; 
the second member yeast cell comprising one or more nucleic 
acids comprising nucleotide sequences encoding DXP path 
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way enzymes 1-6 (and optionally also isopentenyl/dimethy 
lallyl diphosphate synthase), and a nucleic acid comprising a 
nucleotide sequence encoding a GGPP synthase; the third 
member yeast cell comprising one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GFPP synthase; and the fourth 
member yeast cell comprising one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a HexPP synthase. 

In other embodiments, a Subject genetically modified yeast 
cell library comprises at least five member genetically modi 
fied yeast cells, the first member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-6 (and optionally also isopen 
tenyl/dimethylallyl diphosphate synthase), and a nucleic acid 
comprising a nucleotide sequence encoding an FPP synthase; 
the second member yeast cell comprising one or more nucleic 
acids comprising nucleotide sequences encoding DXP path 
way enzymes 1-6, and a nucleic acid comprising a nucleotide 
sequence encoding a GPP synthase; the third member yeast 
cell comprising one or more nucleic acids comprising nucle 
otide sequences encoding DXP pathway enzymes 1-6 (and 
optionally also isopentenyl/dimethylallyl diphosphate Syn 
thase), and a nucleic acid comprising a nucleotide sequence 
encoding a GGPP synthase; the fourth member yeast cell 
comprising one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a HexPP synthase; and the fifth member yeast cell com 
prising one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a HeppP synthase. 

In other embodiments, a Subject genetically modified yeast 
cell library comprises at least six member genetically modi 
fied yeast cells, the first member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-6, and a nucleic acid compris 
ing a nucleotide sequence encoding an FPP synthase; the 
second member yeast cell comprising one or more nucleic 
acids comprising nucleotide sequences encoding DXP path 
way enzymes 1-6 (and optionally also isopentenyl/dimethy 
lallyl diphosphate synthase), and a nucleic acid comprising a 
nucleotide sequence encoding a GPP synthase; the third 
member yeast cell comprising one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; the fourth mem 
ber yeast cell comprising one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-6 (and optionally also isopentenyl/dimethylallyl diphos 
phate synthase), and a nucleic acid comprising a nucleotide 
sequence encoding a HexPP synthase; the fifth member yeast 
cell comprising one or more nucleic acids comprising nucle 
otide sequences encoding DXP pathway enzymes 1-6 (and 
optionally also isopentenyl/dimethylallyl diphosphate Syn 
thase), and a nucleic acid comprising a nucleotide sequence 
encoding a HepPP synthase and the sixth member yeast cell 
comprising one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 



US 7,927,794 B2 
39 

ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing an OPP synthase. 

In other embodiments, a Subject genetically modified yeast 
cell library comprises at least seven member genetically 
modified yeast cells, the first member yeast cell comprising 
one or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
FPP synthase; the second member yeast cell comprising one 
or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding a 
GPP synthase; the third member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-6 (and optionally also isopen 
tenyl/dimethylallyl diphosphate synthase), and a nucleic acid 
comprising a nucleotide sequence encoding a GGPP Syn 
thase; the fourth member yeast cell comprising one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 1-6 (and optionally also isopentenyl/ 
dimethylallyl diphosphate synthase), and a nucleic acid com 
prising a nucleotide sequence encoding a HexPP synthase; 
the fifth member yeast cell comprising one or more nucleic 
acids comprising nucleotide sequences encoding DXP path 
way enzymes 1-6 (and optionally also isopentenyl/dimethy 
lallyl diphosphate synthase), and a nucleic acid comprising a 
nucleotide sequence encoding a HepPP synthase the sixth 
member yeast cell comprising one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding an OPP synthase; and the seventh 
member yeast cell comprising one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding an SPP synthase. 

In other embodiments, a Subject genetically modified yeast 
cell library comprises at least eight member genetically modi 
fied yeast cells, the first member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-6 (and optionally also isopen 
tenyl/dimethylallyl diphosphate synthase), and a nucleic acid 
comprising a nucleotide sequence encoding an FPP synthase; 
the second member yeast cell comprising one or more nucleic 
acids comprising nucleotide sequences encoding DXP path 
way enzymes 1-6 (and optionally also isopentenyl/dimethy 
lallyl diphosphate synthase), and a nucleic acid comprising a 
nucleotide sequence encoding a GPP synthase; the third 
member yeast cell comprising one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; the fourth mem 
ber yeast cell comprising one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-6 (and optionally also isopentenyl/dimethylallyl diphos 
phate synthase), and a nucleic acid comprising a nucleotide 
sequence encoding a HexPP synthase; the fifth member yeast 
cell comprising one or more nucleic acids comprising nucle 
otide sequences encoding DXP pathway enzymes 1-6 (and 
optionally also isopentenyl/dimethylallyl diphosphate Syn 
thase), and a nucleic acid comprising a nucleotide sequence 
encoding a HepPP synthase the sixth member comprising one 
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or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
OPP synthase; the seventh member yeast cell comprising one 
or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
SPP synthase; and the eighth member yeast cell comprising 
one or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding a 
DPP synthase. 

In other embodiments, a Subject genetically modified yeast 
cell library comprises at least nine member genetically modi 
fied yeast cells, the first member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences DXP 
pathway enzymes 1-6 (and optionally also isopentenyl/dim 
ethylallyl diphosphate synthase), and a nucleic acid compris 
ing a nucleotide sequence encoding an FPP synthase; the 
second member yeast cell comprising one or more nucleic 
acids comprising nucleotide sequences encoding DXP path 
way enzymes 1-6 (and optionally also isopentenyl/dimethy 
lallyl diphosphate synthase), and a nucleic acid comprising a 
nucleotide sequence encoding a GPP synthase; the third 
member yeast cell comprising one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; the fourth mem 
ber yeast cell comprising one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-6 (and optionally also isopentenyl/dimethylallyl diphos 
phate synthase), and a nucleic acid comprising a nucleotide 
sequence encoding a HexPP synthase; the fifth member yeast 
cell comprising one or more nucleic acids comprising nucle 
otide sequences encoding DXP pathway enzymes 1-6 (and 
optionally also isopentenyl/dimethylallyl diphosphate Syn 
thase), and a nucleic acid comprising a nucleotide sequence 
encoding a HepPP synthase the sixth member yeast cell com 
prising one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing an OPP synthase; the seventh member yeast cell compris 
ing one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ingan SPP synthase; the eighth member yeast cell comprising 
one or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding a 
DPP synthase; and the ninth member yeast cell comprising 
one or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
NPP synthase. 

In other embodiments, a Subject genetically modified yeast 
cell library comprises at least ten member genetically modi 
fied yeast cells, the first member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-6 (and optionally also isopen 
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tenyl/dimethylallyl diphosphate synthase), and a nucleic acid 
comprising a nucleotide sequence encoding an FPP synthase; 
the second member yeast cell comprising one or more nucleic 
acids comprising nucleotide sequences encoding DXP path 
way enzymes 1-6 (and optionally also isopentenyl/dimethy 
lallyl diphosphate synthase), and a nucleic acid comprising a 
nucleotide sequence encoding a GPP synthase; the third 
member yeast cell comprising one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6 (and optionally also isopentenyl/dimethylallyl 
diphosphate synthase), and a nucleic acid comprising a nucle 
otide sequence encoding a GGPP synthase; the fourth mem 
ber yeast cell comprising one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-6 (and optionally also isopentenyl/dimethylallyl diphos 
phate synthase), and a nucleic acid comprising a nucleotide 
sequence encoding a HexPP synthase; the fifth member yeast 
cell comprising one or more nucleic comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6 (and option 
ally also isopentenyl/dimethylallyl diphosphate synthase), 
and a nucleic acid comprising a nucleotide sequence encod 
ing a HepPP synthase the sixth member yeast cell comprising 
one or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
OPP synthase; the seventh member yeast cell comprising one 
or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding an 
SPP synthase; the eighth member yeast cell comprising one 
or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6 (and optionally also 
isopentenyl/dimethylallyl diphosphate synthase), and a 
nucleic acid comprising a nucleotide sequence encoding a 
DPP synthase; the ninth member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-6 (and optionally also isopen 
tenyl/dimethylallyl diphosphate synthase), and a nucleic acid 
comprising a nucleotide sequence encoding an NPP synthase; 
and the tenth member yeast cell comprising one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 1-6 (and optionally also isopentenyl/ 
dimethylallyl diphosphate synthase), and a nucleic acid com 
prising a nucleotide sequence encoding a UPP synthase. 

In other embodiments, a Subject genetically modified yeast 
cell library comprises at least two member genetically modi 
fied yeast cells, the first member yeast cell comprising one or 
more nucleic acids comprising nucleotide sequences encod 
ing 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2C-me 
thyl-D-erythritol 2.4-cyclodiphosphate synthase, and 1-hy 
droxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (col 
lectively referred to as “DXP pathway enzymes 3-6) and 
optionally also isopentenyl/dimethylallyl diphosphate Syn 
thase; and a further nucleic acid comprising a nucleotide 
sequence encoding a prenyl transferase selected from a GPP 
synthase, an FPP synthase, a GGPP synthase, a GFPP syn 
thase, a HexPP synthase, a HepPP synthase, an OPP synthase, 
an SPP synthase, a DPP synthase, an NPP synthase, and a 
UPP synthase; and a second member yeast cell comprising 
one or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 3-6 and optionally also 
isopentenyl/dimethylallyl diphosphate synthase; and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
a prenyl transferase selected from a GPP synthase, an FPP 
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synthase, a GGPP synthase, a GFPP synthase, a HexPP syn 
thase, a HepPP synthase, an OPP synthase, an SPP synthase, 
a DPP synthase, an NPP synthase, and a UPP synthase, where 
the further nucleic acid in the second yeast cell comprises a 
nucleotide sequence encoding a prenyl transferase that is 
different from the prenyl transferase encoded by the further 
nucleic acid in the first yeast cell. 
Further Genetic Modifications 

In some embodiments, the cells in a subject genetically 
modified host cell library are genetically modified with one or 
more nucleic acids comprising a nucleotide sequences encod 
ing a terpene biosynthetic pathway enzyme(s), and a nucleic 
acid comprising a nucleotide sequence encoding a prenyl 
transferase, and will further comprise one or more genetic 
modifications that increase the intracellular concentration of 
a terpene biosynthetic pathway intermediate that is growth 
inhibiting toward the genetically modified host cell. 

In some embodiments, a genetically modified host cell in a 
subject genetically modified host cell library is a host cell that 
is genetically modified with one or more nucleic acids encod 
ing a MEV pathway enzyme(s), and that is genetically modi 
fied Such that one or more endogenous DXP pathway genes is 
functionally disabled. In some embodiments, a genetically 
modified host cell in a subject genetically modified host cell 
library is a prokaryotic host cell that is genetically modified 
with one or more nucleic acids encoding a MEV pathway 
enzyme(s), and that is genetically modified such that one or 
more endogenous DXP pathway genes is functionally dis 
abled. In some of these embodiments, one or more of an 
endogenous gene encoding 1-deoxy-D-xylulose-5-phos 
phate synthase, an endogenous gene encoding 1-deoxy-D- 
Xylulose-5-phosphate reductoisomerase, an endogenous 
gene encoding 4-diphosphocytidyl-2-C-methyl-D-erythritol 
synthase, an endogenous gene encoding 4-diphosphocytidyl 
2-C-methyl-D-erythritol kinase, an endogenous gene encod 
ing 2C-methyl-D-erythritol 2.4-cyclodiphosphate synthase, 
and an endogenous gene encoding 1-hydroxy-2-methyl-2- 
(E)-butenyl 4-diphosphate synthase is functionally disabled, 
e.g., by deleting all or a portion of the gene. For example, in 
Some embodiments, all or a portion of the IspC gene is 
deleted. 

In some embodiments, a genetically modified host cell in a 
subject genetically modified host cell library is a host cell that 
is genetically modified with one or more nucleic acids encod 
ing a DXP pathway enzyme(s), and that is genetically modi 
fied such that one or more endogenous MEV pathway genes 
is functionally disabled. In some embodiments, a genetically 
modified host cell in a subject genetically modified host cell 
library is a eukaryotic host cell that is genetically modified 
with a nucleic acid encoding a DXP pathway enzyme, and 
that is genetically modified such that one or more endogenous 
MEV pathway genes is functionally disabled. In some of 
these embodiments, one or more of an endogenous gene 
encoding acetoacetyl-CoA thiolase, an endogenous gene 
encoding HMGS, an endogenous gene encoding HMGR, an 
endogenous gene encoding MK, an endogenous gene encod 
ing PMK, and an endogenous gene encoding MPD is func 
tionally disabled, e.g., by deleting all or a portion of the gene. 

In some embodiments, a genetically modified host cell in a 
Subject genetically modified host cell library is a prokaryotic 
host cell that is genetically modified with one or more nucleic 
acids encoding a MEV pathway enzyme(s), and that is geneti 
cally modified such that intracellular concentration of acetyl 
CoA is increased. In some of these embodiments, an endog 
enous pta gene in the prokaryotic host cell is disabled, e.g., by 
deleting all or part of the pta gene in the host cell. 
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Compositions Comprising a Subject Genetically Modified 
Host Cell 
The present invention further provides compositions com 

prising a subject genetically modified host cell library. A 
Subject composition comprises a subject genetically modified 
host cell library; and will in some embodiments comprise one 
or more further components, which components are selected 
based in part on the intended use of the genetically modified 
host cell. Suitable components include, but are not limited to, 
salts; buffers; stabilizers; protease-inhibiting agents; cell 
membrane- and/or cell wall-preserving compounds, e.g., 
glycerol, dimethylsulfoxide, etc., nutritional media appropri 
ate to the cell; and the like. 
Screening Methods 
The present invention provides methods of identifying a 

gene product having activity in a biosynthetic pathway. The 
methods generally involve: a) producing a test cell by intro 
ducing into a genetically modified host cell an exogenous 
nucleic acid comprising a nucleotide sequence encoding a 
candidate gene product, wherein the genetically modified 
host cell produces a biosynthetic pathway intermediate, 
which intermediate is produced in an amount effective to 
inhibit growth of the genetically modified host cell; and b) 
determining the effect, if any, of expression of the candidate 
gene product on the growth of the test cell. A reduction in 
growth inhibition indicates that the exogenous nucleic acid 
encodes a gene product having activity in the biosynthetic 
pathway. 
The biosynthetic pathway intermediate is produced in the 

genetically modified host cell in an amount that inhibits 
growth of the test cell, e.g., the intracellular concentration of 
the intermediate inhibits the growth of the test cell. Typically, 
the intermediate accumulates in the test cell in an amount that 
inhibits growth of the test cell by at least about 10%, at least 
about 20%, at least about 30%, at least about 40%, at least 
about 50%, at least about 60%, at least about 70%, at least 
about 80%, or at least about 90%, or more, compared to the 
growth rate of a control host cell that is not genetically modi 
fied, or compared to the growth rate of the test cell that is 
cultured under conditions that are not conducive to synthesis 
of growth-inhibiting amounts of the intermediate. In some 
embodiments, the intermediate accumulates intracellularly in 
the test cell in an amount that is lethal to the test cell, e.g., 
induces death of the test cell. 
The test cell is cultured in vitro under conditions such that 

the biosynthetic pathway intermediate accumulates intracel 
lularly in an amount that is growth inhibiting and/or death 
inducing. In some embodiments, the test cell is cultured in the 
presence of a Substrate for an enzyme in the biosynthetic 
pathway. In other embodiments, the test cell is cultured in the 
presence of an inducer that induces expression of a nucleotide 
sequence encoding a biosynthetic pathway enzyme, where 
the nucleotide sequence is under control of an inducible pro 
moter. 

Whether the intermediate is present in the test cell in an 
amount that inhibits growth of the test cell can be determined 
using any standard method for detecting growth inhibition of 
a cell. For example, growth is frequently measured as an 
increase in optical density when cells are grown in liquid 
culture; and growth inhibition can be detected by comparing 
the optical density (e.g., at 600 nm) of a liquid culture of 
genetically modified host cells that produce a growth-inhib 
iting amount of the intermediate, with the optical density of a 
liquid culture of the same genetically modified host cells that 
do produce a growth-inhibiting amount of the intermediate. 
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Growth inhibition can also be detected by visually inspecting 
the colony size of cells plated on agar containing Suitable 
growth media. 
A subject screening method involves introducing an exog 

enous nucleic acid into a genetically modified host cell, pro 
ducing a test cell, where the genetically modified host cell is 
one that exhibits growth inhibition when the biosynthetic 
pathway intermediate is produced in a growth-inhibiting 
amount. When an exogenous nucleic acid comprising a 
nucleotide sequence that encodes an enzyme that modifies the 
intermediate is introduced into the genetically modified host 
cell, growth inhibition of the test cell is relieved. Thus, a 
reduction in growth inhibition indicates that the exogenous 
nucleic acid encodes a gene product having activity in the 
biosynthetic pathway. A reduction in growth inhibition 
includes an at least about 20%, at least about 30%, at least 
about 40%, at least about 50%, at least about 60%, at least 
about 70%, at least about 80%, at least about 90%, or more, 
reduction in growth inhibition. In some embodiments, the 
gene product having activity in the biosynthetic pathway 
reduces the growth inhibition such that the rate of cell growth 
is restored to the rate of cell growth of the genetically modi 
fied cell when grown under conditions such that the interme 
diate is not produced. 

In some embodiments, e.g., where the exogenous nucleic 
acid is a plurality of exogenous nucleic acids (e.g., a cDNA 
library, a genomic library, a population of nucleic acids, each 
encoding a terpene synthase with a different amino acid 
sequence, etc.), the exogenous nucleic acid are introduced 
into a plurality of genetically modified host cells, forming a 
plurality of test cells. The test cells are in some embodiments 
grown in liquid culture under conditions such that the inter 
mediate is accumulated intracellularly in a growth inhibiting 
and/or death-inducing amount; those test cells comprising an 
exogenous nucleic acid that comprises nucleotide sequences 
encoding one or more gene products active in the biosynthetic 
pathway will grow faster than test cells that do not comprise 
an exogenous nucleic acid that comprises nucleotide 
sequences encoding one or more gene products active in the 
biosynthetic pathway, or those test cells comprising an exog 
enous nucleic acid that comprises nucleotide sequences 
encoding one or more gene products active in the biosynthetic 
pathway will live, while test cells that do not comprise an 
exogenous nucleic acid that comprises nucleotide sequences 
encoding one or more gene products active in the biosynthetic 
pathway will die. 

In some embodiments, the intermediate is produced in the 
test cell in an amount that results in death of the genetically 
modified host cell. In many of these embodiments, the nucle 
otide sequence encoding the biosynthetic pathway gene prod 
uct is under control of an inducible promoter, Such that when 
the promoter is not induced Substantially no intermediate is 
produced, or the intermediate is produced in an amount that 
does not kill the genetically modified cell. In many embodi 
ments, the biosynthetic pathway gene product is one that 
consumes a Substrate that is added to the culture medium, 
such that in the absence of the substrate, substantially no 
intermediate is produced, or the intermediate is produced in 
an amount that is not growth inhibiting. In some of these 
embodiments, the methods involve introducing into the 
genetically modified host cell a nucleic acid-comprising a 
nucleotide sequence that encodes an enzyme that modifies the 
intermediate; inducing expression of the nucleic acid com 
prising a nucleotide sequence that encodes an enzyme that 
modifies the intermediate, e.g., by adding inducer to the cul 
ture medium; and determining the effect, ifany, of the nucleic 
acid on cell death. In these embodiments, a genetically modi 
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fied host cell that is grown in in vitro culture in the presence 
of the biosynthetic pathway substrate, but into which an exog 
enous nucleic acid has not been introduced, serves as a con 
trol cell that dies upon intracellular accumulation of the bio 
synthetic pathway intermediate. In many embodiments, 
determining the effect of the exogenous nucleic acid on cell 
death involves identifying genetically modified host cells that 
are not killed by the intermediate, e.g., identifying Survivors. 
Identification of survivors is readily achieved by allowing 
survivors to multiply. 

For example, where the genetically modified host cell is a 
bacterium, Survivors are identified by plating the cells on agar 
containing bacterial culture medium, where the Survivors 
form colonies, and the dead cells do not. Where the geneti 
cally modified host cell is a eukaryotic cell Such as a yeast 
cell, Survivors are identified by plating the cells on agar con 
taining yeast culture medium, where the Survivors form colo 
nies, and the dead cells do not. Where the genetically modi 
fied host cell is a eukaryotic cell Such as a mammalian cell 
grown as unicellular entities, Survivors are identified by cul 
turing the cells in Suitable culture medium, and allowing 
survivors to multiply. Where the genetically modified host 
cell is a eukaryotic cell Such as a mammalian cell grown as 
unicellular entities, Survivors can also be identified using 
fluorescence-activated cell sorting, e.g., using any of a num 
ber of methods to discriminate between live and dead cells, 
e.g., using propidium iodide to stain dead cells. 

In some embodiments, live test cells are separated from 
dead test cells by buoyant density separation, using well 
established methods. In some embodiments, test cells are 
separated into two groups, the first group including metaboli 
cally inactive cells (e.g., dead cells), and mitotically inactive 
cells; and the second group including mitotically active cells 
(e.g., live cells), and metabolically active cells. See, e.g. Gla 
seret al. (1989).J. Bacteriol. 171:4992. Test cells that exhibit 
a reduction in biosynthetic pathway intermediate-induced 
growth inhibition are expected to be mitotically active and/or 
metabolically active. Test cells that exhibit growth inhibition, 
e.g., are not rescued from growth inhibition by a gene product 
encoded by an exogenous nucleic acid, are expected to be 
mitotically inactive and/or metabolically inactive. 

In some embodiments, a Subject screening method for 
identifying a gene product having activity in a biosynthetic 
pathway involves a) introducing into a plurality of genetically 
modified host cells (e.g., genetically modified host cells in in 
vitro culture) an exogenous nucleic acid encoding a candidate 
gene product, forming test cells, where the genetically modi 
fied host cells are genetically modified with a nucleic acid 
comprising a nucleotide sequence encoding a biosynthetic 
pathway enzyme, and where synthesis of the enzyme in the 
test cells results in conversion of a substrate for the enzyme 
into a biosynthetic pathway intermediate, which intermediate 
is produced in an amount effective to inhibit growth of the test 
cell; and b) determining the effect, if any, of expression of the 
candidate gene product on the growth of the test cells, where 
a reduction in growth inhibition indicates that the exogenous 
nucleic acid encodes a gene product having activity in the 
biosynthetic pathway. 

In some embodiments, a Subject screening method for 
identifying a gene product having activity in a biosynthetic 
pathway involves a) introducing into a plurality of genetically 
modified host cells in in vitro culture a plurality of exogenous 
nucleic acids, each encoding a candidate gene product, form 
ing test cells, where the genetically modified host cells are 
genetically modified with a nucleic acid comprising a nucle 
otide sequence encoding a biosynthetic pathway enzyme, and 
where synthesis of the enzyme in the test cells results in 
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conversion of a substrate for the enzyme into a biosynthetic 
pathway intermediate, which intermediate is produced in an 
amount effective to inhibit growth of the test cell; and b) 
determining the effect, if any, of expression of the candidate 
gene product on the growth of the test cells, where a reduction 
in growth inhibition identifies an exogenous nucleic acid that 
encodes a gene product having activity in the biosynthetic 
pathway. 

In some embodiments, a Subject method of identifying a 
gene product having activity in a biosynthetic pathway 
involves: a) introducing into a plurality of genetically modi 
fied host cells in in vitro culture a plurality of exogenous 
nucleic acids, each comprising a nucleotide sequence encod 
ing a candidate gene product, forming test cells, where the 
genetically modified host cells are genetically modified with 
a nucleic acid comprising a nucleotide sequence encoding a 
biosynthetic pathway enzyme, and where synthesis of the 
enzyme in the test cells results in conversion of a substrate for 
the enzyme into a biosynthetic pathway intermediate, which 
intermediate is produced in an amount effective to induce 
death of the test cells; and b) upon detecting cell death in 
control cells into which an exogenous nucleic acid has not 
been introduced, detecting test cells that survive the interme 
diate-induced cell death, where survival of a test cell identi 
fies an exogenous nucleic acid that encodes a gene product 
having activity in the biosynthetic pathway. Thus, a test cell 
that survives the intermediate-induced cell death comprises a 
candidate gene product having activity in the biosynthetic 
pathway. 

In some embodiments, the biosynthetic pathway enzyme 
substrate is added to the in vitro culture medium. In other 
embodiments, the genetically modified cell produces the bio 
synthetic pathway enzyme Substrate. 

In some embodiments, the genetically modified host cells 
are genetically modified by introducing into a host cell a 
nucleic acid comprising a nucleotide sequence encoding a 
biosynthetic pathway enzyme, where synthesis of the biosyn 
thetic pathway enzyme in the genetically modified host cell 
results in conversion of a Substrate for the enzyme into a 
biosynthetic pathway intermediate that is produced in the cell 
and/or accumulates in the cell in an amount that is effective to 
inhibit growth of the cell. In some embodiments, the nucle 
otide sequence encoding the biosynthetic pathway enzyme is 
under control of an inducible promoter that is responsive to an 
inducing agent. In these embodiments, an inducing agent is 
added to the culture medium, the biosynthetic pathway 
enzyme is synthesized following addition of the inducing 
agent, and the biosynthetic pathway intermediate is produced 
in the cell and/or accumulates in the cell in an amount that is 
effective to inhibit growth of the cell. In some embodiments, 
both an inducing agent and a Substrate for the biosynthetic 
pathway enzyme are added to the culture medium. 

In other embodiments, the genetically modified cell is 
genetically modified by mutating one or more genes that 
affect synthesis of the biosynthetic pathway intermediate in 
the cell, such that the biosynthetic pathway intermediate is 
produced in the cell and/or accumulates in the cell in an 
amount that is effective to inhibit growth of the cell. 
Methods of Identifying an Agent that Inhibits a Metabolic 
Pathway 

In some embodiments, the present invention provides 
methods of identifying an agent that inhibits a metabolic 
pathway in a genetically modified host cell in which a meta 
bolic pathway intermediate is produced in the cell and/or 
accumulates in the cell in an amount that is effective to inhibit 
growth of the cell. Thus, in some embodiments, the present 
invention provides a method of identifying an agent that 
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inhibits a metabolic pathway in a cell, the method generally 
involving: a) contacting a test cell with a test agent, wherein 
the test cell produces a metabolic pathway intermediate, 
which intermediate is produced in an amount effective to 
inhibit growth of the test cell; and b) determining the effect, if 5 
any, of the agent on growth of the test cell. A reduction in 
growth inhibition indicates the agent inhibits the metabolic 
pathway. In some embodiments, the metabolic pathway is a 
biosynthetic pathway. In other embodiments, the metabolic 
pathway is an anabolic pathway. 
The terms “candidate agent,” “test agent,” “agent,” “sub 

stance and "compound are used interchangeably herein. 
Candidate agents encompass numerous chemical classes, in 
Some embodiments synthetic, semi-synthetic, or naturally 
occurring inorganic or organic molecules. Candidate agents 
include those found in large libraries of synthetic or natural 
compounds. For example, synthetic compound libraries are 
commercially available from Maybridge Chemical Co. (Tre 
villet, Cornwall, UK), ComGenex (South San Francisco, 
Calif.), and MicroSource (New Milford, Conn.). A rare 
chemical library is available from Aldrich (Milwaukee, Wis.) 
and can also be used. Alternatively, libraries of natural com 
pounds in the form of bacterial, fungal, plant and animal 
extracts are available from Pan Labs (Bothell, Wash.) or are 
readily producible. 

Candidate agents are in some embodiments Small organic 
or inorganic compounds having a molecular weight of more 
than 50 and less than about 2,500 daltons. Candidate agents 
may comprise functional groups necessary for structural 
interaction with proteins, particularly hydrogen bonding, and 
may include at least an amine, carbonyl, hydroxylor carboxyl 
group, and may contain at least two of the functional chemical 
groups. The candidate agents may comprise cyclical carbon 
or heterocyclic structures and/or aromatic or polyaromatic 
structures substituted with one or more of the above func 
tional groups. Candidate agents are also found among bio 
molecules including peptides, Saccharides, fatty acids, Ste 
roids, purines, pyrimidines, derivatives, structural analogs or 
combinations thereof. 

In some embodiments, the test agent is an exogenous 
nucleic acid that is introduced into the test cell. In these 
embodiments, the method generally involves producing a test 
cell by introducing into a genetically modified host cell an 
exogenous nucleic acid comprising a nucleotide sequence 
encoding a candidate gene product, wherein the genetically 
modified host cell produces a metabolic pathway intermedi 
ate, which intermediate is produced in an amount effective to 
inhibit growth of the genetically modified host cell; and deter 
mining the effect, if any, of expression of the candidate gene 
product on growth of the test cell, wherein a reduction in 
growth inhibition indicates the candidate gene product inhib 
its a metabolic pathway involving the metabolic pathway 
intermediate. Non-limiting examples of gene products that 
would inhibit a metabolic pathway, and therefore relieve the 
metabolic pathway-mediated growth inhibition, include, but 
are not limited to, a protein that inhibits an enzyme in the 
metabolic pathway that produces the growth-inhibiting inter 
mediate; a protein that proteolytically degrades one or more 
enzymes in the metabolic pathway hat produces the growth 
inhibiting intermediate; a protein that consumes (e.g., modi 
fies) a non-toxic precursor to the growth-inhibiting interme 
diate; a transcriptional control element that down-regulates 
the metabolic pathway that produces the growth-inhibiting 
intermediate, at the level of transcription and/or translation; a 
protein that modifies the growth-inhibiting intermediate; and 
the like. 
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Agents identified using the above-described method for 

identifying agents that inhibit a metabolic pathway are useful 
for inhibiting a variety of metabolic pathways, including, e.g., 
a cholesterol biosynthetic pathway, an insect pheromone bio 
synthetic pathway, and the like. 
Isolating Exogenous Nucleic Acid from a Test Cell 

In some embodiments, the method further involves isolat 
ing an exogenous nucleic acid from a test cell, where the 
exogenous nucleic acid is one that that relieves growth inhi 
bition in a subject Screening method. Methods of isolating the 
exogenous nucleic acid from a test cell are well known in the 
art. Suitable methods include, but are not limited to, any of a 
number of alkaline lysis methods that are standard in the art. 

In some embodiments, live test cells are separated from 
dead test cells by density gradient centrifugation, where the 
live and/or mitotically active test cells have a different buoy 
ant density from the buoyant density of dead and/or mitoti 
cally inactive test cells. Exogenous nucleic acids are then 
isolated from the live or mitotically active test cells. 
Further Characterization of a Candidate Gene Product 

In some embodiments, a Subject Screening method will 
further comprise further characterizing a candidate gene 
product. In these embodiments, the exogenous nucleic acid 
comprising nucleotide sequence(s) encoding one or more 
candidate gene products having activity in a metabolic path 
way (e.g., a biosynthetic pathway, or an anabolic pathway) 
are isolated from a test cell; the gene product(s) are expressed 
in a cell and/or in an in vitro cell-free transcription/translation 
system. In some embodiments, the exogenous nucleic acid is 
Subjected to nucleotide sequence analysis, and the amino acid 
sequence of the gene product deduced from the nucleotide 
sequence. In some embodiments, the amino acid sequence of 
the gene product is compared with other amino acid 
sequences in a public database of amino acid sequences, to 
determine whether any significantamino acid sequence iden 
tity to an amino acid sequence of a known protein exists. In 
addition, the gene product(s) are expressed in a cell and/or in 
an in vitro cell-free transcription/translation system; and the 
effect of the gene product(s) on a metabolic pathway inter 
mediate or other metabolite is analyzed. 

For example, as discussed in more detail below, in some 
embodiments, a Subject Screening method identifies candi 
date gene products having activity in a terpene metabolic 
pathway, e.g., a terpene biosynthetic pathway. Whether a 
gene product is active in a terpene biosynthetic pathway is 
readily determined using any known method. For example, 
where a terpene biosynthetic pathway gene product is a ter 
pene synthase, a nucleic acid comprising a nucleotide 
sequence encoding the candidate gene product is introduced 
into a genetically modified host cell, and the genetically 
modified host cell comprising the exogenous nucleic acid is 
cultured under conditions such that the genetically modified 
host cell produces an intermediate that is a substrate for the 
candidate gene product, and a the candidate gene product 
catalyzes the modification of the intermediate, to form a 
product. If the candidate gene product is a terpene synthase, 
the product will be a terpenoid compound. Methods of iden 
tifying a terpenoid compound are well known in the art, and 
include gas chromatography-mass spectrometry (GC-MS) 
analysis of the product. By comparing retention times and 
mass spectra of the putative terpenoid compound with reten 
tion times and mass spectra of known terpenoid compounds, 
an identification of the putative terpenoid compound can be 
made. 
Exogenous Nucleic Acids 

Exogenous nucleic acids that are Suitable for introducing 
into a genetically modified host cell include, but are not 
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limited to, naturally-occurring nucleic acids isolated from a 
cell; naturally-occurring nucleic acids that have been modi 
fied (e.g., by mutation) before or Subsequent to isolation from 
a cell; synthetic nucleic acids, e.g., nucleic acids synthesized 
in a laboratory using standard methods of chemical synthesis 
of nucleic acids, or generated by recombinant methods; Syn 
thetic or naturally-occurring nucleic acids that have been 
amplified in vitro, either within a cellor in a cell-free system; 
and the like. 

Exogenous nucleic acids that are Suitable for introducing 
into a genetically modified host cell include, but are not 
limited to, genomic DNA, RNA; a complementary DNA 
(cDNA) copy of mRNA isolated from a cell; recombinant 
DNA; and DNA synthesized in vitro, e.g., using standard 
cell-free in vitro methods for DNA synthesis. 

In Some embodiments, exogenous nucleic acids are a 
cDNA library made from cells, either prokaryotic cells or 
eukaryotic cells. In some embodiments, exogenous nucleic 
acids are a genomic DNA library made from cells, either 
prokaryotic cells or eukaryotic cells. In some embodiments, 
an exogenous nucleic acid will comprise nucleotide 
sequences encoding two or more gene products that have 
activity in a biosynthetic pathway. 

In other embodiments, exogenous nucleic acids are a 
library of nucleic acids, each comprising a nucleotide 
sequence encoding a biosynthetic pathway enzyme compris 
ing an amino acid sequence that differs from an amino acid 
sequence of a known biosynthetic pathway enzyme by from 
about 1 amino acid to about 50 amino acids, e.g., from about 
1 amino acid to about 5 amino acids, from about 5 to about 10 
amino acids, from about 10 amino acids to about 15 amino 
acids, from about 15 amino acids to about 20 amino acids, 
from about 20 amino acids to about 30 amino acids, from 
about 30 amino acids to about 40 amino acids, or from about 
40 amino acids to about 50 amino-acids. In other embodi 
ments, exogenous nucleic acids are a library of nucleic acids, 
each comprising a nucleotide sequence encoding a terpene 
synthase comprising anamino acid sequence that differs from 
an amino acid sequence of a known terpene synthase by from 
about 1 amino acid to about 50 amino acids, e.g., from about 
1 amino acid to about 5 amino acids, from about 5 to about 10 
amino acids, from about 10 amino acids to about 15 amino 
acids, from about 15 amino acids to about 20 amino acids, 
from about 20 amino acids to about 30 amino acids, from 
about 30 amino acids to about 40 amino acids, or from about 
40 amino acids to about 50 amino acids. 

Nucleic acids will in some embodiments be mutated before 
being introduced into a host cell. Methods of mutating a 
nucleic acid are well know in the art and include well-estab 
lished chemical mutation methods, radiation-induced 
mutagenesis, and methods of mutating a nucleic acid during 
synthesis. Chemical methods of mutating DNA include expo 
Sure of DNA to a chemical mutagen, e.g., ethyl methane 
sulfonate (EMS), methyl methanesulfonate (MMS), N-ni 
trosourea (ENU), N-methyl-N-nitro-N'-nitrosoguanidine, 
4-nitroquinoline N-oxide, diethylsulfate, benzopyrene, 
cyclophosphamide, bleomycin, triethylmelamine, acryla 
mide monomer, nitrogen mustard, Vincristine, diepoxyal 
kanes (e.g., diepoxybutane), ICR-170, formaldehyde, procar 
bazine hydrochloride, ethylene oxide, dimethylnitrosamine, 
7, 12 dimethylbenz(a)anthracene, chlorambucil, hexameth 
ylphosphoramide, bisulfan, and the like. Radiation mutation 
inducing agents include ultraviolet radiation, y-irradiation, 
X-rays, and fast neutron bombardment. Mutations can also be 
introduced into a nucleic acid using, e.g., trimethylpsoralen 
with ultraviolet light. Random or targeted insertion of a 
mobile DNA element, e.g., a transposable element, is another 
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Suitable methods for generating mutations. Mutations can be 
introduced into a nucleic acid during amplification in a cell 
free in vitro system, e.g., using a polymerase chain reaction 
(PCR) technique such as error-prone PCR. Mutations can be 
introduced into a nucleic acid in vitro using DNA shuffling 
techniques (e.g., exon shuffling, domain Swapping, and the 
like). Mutations can also be introduced into a nucleic acid as 
a result of a deficiency in a DNA repair enzyme in a cell, e.g., 
the presence in a cell of a mutant gene encoding a mutant 
DNA repair enzyme is expected to generate a high frequency 
of mutations (i.e., about 1 mutation/100 genes-1 mutation/0, 
000 genes) in the genome of the cell. Examples of genes 
encoding DNA repair enzymes include but are not limited to 
Mut H. Mut S, Mut L. and Mut U, and the homologs thereof 
in other species (e.g., MSH 1-6, PMS 1-2, MLH1, GTBP. 
ERCC-1, and the like). Methods of mutating nucleic acids are 
well known in the art, and any known method is suitable for 
use. See, e.g., Stemple (2004) Nature 5:1-6; Chiang et al. 
(1993) PCR Methods Appl 2(3): 210-217: Stemmer (1994) 
Proc. Natl. Acad. Sci. USA 91:10747-51; and U.S. Pat. Nos. 
6,033,861, and 6,773,900. 

In many embodiments, the exogenous nucleic acid is 
inserted into an expression vector. Expression vectors that are 
Suitable for use in prokaryotic and eukaryotic host cells are 
known in the art and any suitable expression vector can be 
used. Suitable expression vectors are as described above. 
Nucleic Acid Sources 
As noted above, an exogenous nucleic acid will in some 

embodiments be isolated from a cell or an organism in its 
natural environment. In some embodiments, the nucleic acid 
of the cell or organism will be mutated before nucleic acid is 
isolated from the cellor organism. In other embodiments, the 
exogenous nucleic acid is synthesized in a cell-free system in 
vitro. 

Exogenous nucleic acids that are Suitable for introducing 
into a genetically modified host cell include nucleic acids 
isolated from cells or organism of a different species from the 
genetically modified host cell. Suitable sources of exogenous 
nucleic acids include, but are not limited to, a cellor organism 
of any of the six kingdoms, e.g., Bacteria (e.g., Eubacteria); 
Archaebacteria; Protista; Fungi; Plantae; and Animalia. Suit 
able sources of exogenous nucleic acids include plant-like 
members of the kingdom Protista, including, but not limited 
to, algae (e.g., green algae, red algae, glaucophytes, cyano 
bacteria); fungus-like members of Protista, e.g., Slime molds, 
water molds, etc.; animal-like members of Protista, e.g., 
flagellates (e.g., Euglena), amoeboids (e.g., amoeba), sporo 
Zoans (e.g., Apicomplexa, Myxozoa, MicroSporidia), and cili 
ates (e.g., Paramecium). Suitable sources of exogenous 
nucleic acids include members of the kingdom Fungi, includ 
ing, but not limited to, members of any of the phyla: Basidi 
omycota (club fungi, e.g., members of Agaricus, Amanita, 
Boletus, Cantherellus, etc.); Ascomycota (sac fungi, includ 
ing, e.g., Saccharomyces); Mycophycophyta (lichens); Zygo 
mycota (conjugation fungi); and Deuteromycota. Suitable 
Sources of exogenous nucleic acids include members of the 
kingdom Plantae, including, but not limited to, members of 
any of the following divisions: Bryophyta (e.g., mosses), 
Anthocerotophyta (e.g., hornworts), Hepaticophyta (e.g., liv 
erworts), Lycophyta (e.g., club mosses), Sphenophyta (e.g., 
horsetails), Psilophyta (e.g., whisk ferns), Ophioglossophyta, 
Pterophyta (e.g., ferns), Cycadophyta, Gingkophyta, Pino 
phyta, Gnetophyta, and Magnoliophyta (e.g., flowering 
plants). Suitable sources of exogenous nucleic acids include 
members of the kingdom Animalia, including, but not limited 
to, members of any of the following phyla: Porifera 
(sponges); PlacoZoa; Orthonectida (parasites of marine inver 
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tebrates); Rhombozoa, Cnidaria (corals, anemones, jellyfish, 
sea pens, sea pansies, sea wasps); Ctenophora (comb jellies); 
Plaiyhelminthes (flatworms); Nemertina (ribbon worms): 
Ngathostomulida (jawed worms)p Gastrotricha; Rotifera; 
Priapulida; Kinorhyncha; Loricifera; Acanthocephala; Ento 
procta; Nemotoda; Nematomorpha; Cycliophora; Mollusca 
(mollusks); Sipuncula (peanut worms); Annelida (segmented 
worms); Tardigrada (water bears); Onychophora (velvet 
worms); Arthropoda (including the Subphyla: Chelicerata, 
Myriapoda, Hexapoda, and Crustacea, where the Chelicerata 
include, e.g., arachnids, Merostomata, and Pycnogonida, 
where the Myriapoda include, e.g., Chilopoda (centipedes), 
Diplopoda (millipedes), Paropoda, and Symphyla, where the 
Hexapoda include insects, and where the Crustacea include 
shrimp, krill, barnacles, etc.; Phoronida; Ectoprocta (moss 
animals); Brachiopoda; Echinodermata (e.g. starfish, Sea dai 
sies, feather stars, sea urchins, sea cucumbers, brittle stars, 
brittle baskets, etc.); Chaetognatha (arrow worms); Hemi 
chordata (acorn worms); and Chordata. Suitable members of 
Chordata include any member of the following subphyla: 
Urochordata (sea squirts; including Ascidiacea, Thaliacea, 
and Larvacea); Cephalochordata (lancelets); Myxini (hag 
fish); and Vertebrata, where members of Vertebrata include, 
e.g., members of Petromyzontida (lampreys), Chondrichthy 
ces (cartilaginous fish), Actinopterygii (ray-finned fish), 
Actinista (coelocanths), Dipnoi (lungfish), Reptilia (reptiles, 
e.g., Snakes, alligators, crocodiles, lizards, etc.), Aves (birds); 
and Mammalian (mammals). Suitable plants include any 
monocotyledon and any dicotyledon. 

Thus, e.g., Suitable cells include cells from organisms that 
include, but are not limited to, a protozoan, a plant, a fungus, 
an algae, a yeast, a reptile, an amphibian, a mammal, a marine 
microorganism, a marine invertebrate, an arthropod, an iso 
pod, an insect, an arachnid, an archaebacterium, and a eubac 
terium. 

Suitable prokaryotic cells include bacteria (e.g., Eubacte 
ria) and archaebacteria. Suitable archaebacteria include a 
methanogen, an extreme halophile, an extreme thermophile, 
and the like. Suitable archaebacteria include, but are not 
limited to, any member of the groups Crenarchaeota (e.g., 
Sulfolobus solfataricus, Defulfitrococcus mobilis, Pyrodic 
tium occultum, Thermofilum pendens, Thermoproteus tenax), 
Euryarchaeota (e.g., Thermococcus celer, Methanococcus 
thermolithotrophicus, Methanococcus jannaschii, Methano 
bacterium thermoautotrophicum, Methanobacterium for 
micicum, Methanothermus fervidus, Archaeoglobus fulgidus, 
Thermoplasma acidophilum, Haloferax volcanni, Metha 
nosarcina barkeri, Methanosaeta concilli, Methanospriril 
lum hungatei, Methanomicrobium mobile), and Korarcha 
eota. Suitable eubacteria include, but are not limited to, any 
member of Hydrogenobacteria, Thermotogales, Green non 
sulfphur bacteria, Denococcus Group, Cyanobacteria, Purple 
bacteria, Planctomyces, Spirochetes, Green Sulphur bacteria, 
Cytophagas, and Gram positive bacteria (e.g., Mycobacte 
rium sp., Micrococcus sp., Streptomyces sp., Lactobacillus 
sp., Helicobacterium sp., Clostridium sp., Mycoplasma sp., 
Bacillus sp., etc.). 

In some embodiments, nucleic acid will be isolated from a 
tissue taken from an organism; from a particular cell or group 
of cells isolated from an organism, etc. For example, where 
the organism is a plant, the nucleic acid will in some embodi 
ments be isolated from the xylem, the phloem, the cambium 
layer, leaves, roots, etc. Where the organism is an animal, the 
nucleic acid will in some embodiments be isolated from a 
particular tissue (e.g., lung, liver, heart, kidney, brain, spleen, 
skin, fetal tissue, etc.), or a particular cell type (e.g., neuronal 
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cells, epithelial cells, endothelial cells, astrocytes, macroph 
ages, glial cells, islet cells, T lymphocytes, B lymphocytes, 
etc.). 

Cells, either unicellular organisms or cells isolated from a 
multicellular organism, and multicellular organisms, will in 
Some embodiments be exposed to one or more internal or 
external signals before nucleic acid (e.g., mRNA) is isolated 
from the cell or the organism. External and internal signals 
that affect gene expression include, but are not limited to, 
infection of a cell by a microorganism, including, but not 
limited to, a bacterium (e.g., Mycobacterium spp., Shigella, 
Chlamydia, and the like), a protozoan (e.g., Trypanosoma 
spp., Plasmodium spp., Toxoplasma spp., and the like), a 
fungus, a yeast (e.g., Candida spp.), or a virus (including 
viruses that infect mammalian cells, such as human immuno 
deficiency virus, foot and mouth disease virus, Epstein-Barr 
virus, and the like; viruses that infect plant cells; etc.); infec 
tion of a plant with an insect (e.g., a spider mite, an aphid, a 
tobacco worm, etc.); withholding of water (e.g., withholding 
water from a plant); stress; infection of a plant with an arach 
nid; a wound (e.g., wounding a plant leaf, stem, or root); 
change in pH of the medium in which a cell is maintained or 
a change in internal pH; excessive heat relative to the normal 
range for the cell or the multicellular organism; excessive 
cold relative to the normal range for the cell or the multicel 
lular organism; an effector molecule Such as a hormone, a 
cytokine, a chemokine, a neurotransmitter; an ingested or 
applied drug; a ligand for a cell-surface receptor; a ligand for 
a receptor that exists internally in a cell, e.g., a nuclear recep 
tor; hypoxia; light; dark; mitogens, including, but not limited 
to, lipopolysaccharide (LPS), pokeweed mitogen; antigens; 
sleep pattern; electrical charge; ion concentration of the 
medium in which a cell is maintained or an internal ion 
concentration, exemplary ions including Sodium ions, potas 
sium ions, chloride ions, calcium ions, and the like; presence 
or absence of a nutrient; metal ions; a transcription factor, a 
tumor Suppressor, cell-cell contact; and the like. 

Methods of isolating nucleic acids from a cell or an organ 
ism are well known in the art. In some embodiments, genomic 
DNA will be isolated from the cell or the organism. In other 
embodiments, RNA will be isolated from the cell or the 
organism; and a cDNA copy of the RNA (e.g., mRNA) will be 
synthesized in vitro. 

In many embodiments, a cDNA library of mRNA isolated 
from a cell or an organism will be used as the source of 
exogenous nucleic acid. In some embodiments, the cDNA 
library will be constructed using an expression vector that is 
configured such that the inserted cDNA will include a tag, 
where the tag is one that provides for ease of isolating a 
candidate gene product. 
Synthetic Nucleic Acids 

In some embodiments, nucleic acids that are introduced 
into a genetically modified host cell Synthetic nucleic acids, 
including recombinant nucleic acids, nucleic acids synthe 
sized in a cell-free system in vitro, and the like. Methods of 
synthesizing nucleic acids are well known in the art. In some 
embodiments, the synthetic nucleic acid will comprise a 
nucleotide sequence that encodes a variant of a known bio 
synthetic pathway gene product. In some of these embodi 
ments, the exogenous nucleic acid will be mutated, using any 
of the above-described methods. 

In some embodiments, the synthetic nucleic acid com 
prises a nucleotide sequence encoding a terpene synthase that 
differs in amino acid sequence by one or more amino acids 
from a naturally-occurring terpene synthase or other parent 
terpene synthase, e.g., a variant terpene synthase. A "parent 
terpene synthase' is a terpene synthase that serves as a refer 
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ence point for comparison. Variant terpene synthases include 
consensus terpene synthases and hybrid terpene synthases. In 
Some embodiments, the synthetic nucleic acid comprises a 
nucleotide sequence encoding a consensus terpene synthase. 
In other embodiments, the synthetic nucleic acid comprises a 
nucleotide sequence encoding a hybrid terpene synthase. 
Variant Terpene Synthases 

In some embodiments, a synthetic nucleic acid comprises a 
nucleotide sequence encoding a variant terpene synthase, 
e.g., a terpene synthase that differs in amino acid sequence by 
one or more amino acids from a naturally-occurring terpene 
synthase or other parent terpene synthase. In some embodi 
ments, a variant terpene synthase differs in amino acid 
sequence by one amino acid, two amino acids, three amino 
acids, four amino acids, five amino acids, six amino acids, 
seven amino acids, eight amino acids, nine amino acids, or 
amino acids, or more, compared to the amino acid sequence 
of a naturally-occurring parent terpene synthase. In some 
embodiments, a variant terpene synthase differs in amino acid 
sequence by from about 10 amino acids to about 15 amino 
acids, from about 15 amino acids to about 20 amino acids, 
from about 20 amino acids to about 25 amino acids, from 
about 25 amino acids to about 30 amino acids, from about 
30-amino acids to about 35 amino acids, from about 35 amino 
acids to about 40 amino acids, from about 40 amino acids to 
about 50 amino acids, or from about 50 amino acids to about 
60 amino acids, or more, compared to the amino acid 
sequence of a naturally-occurring parent terpene synthase. 

In some embodiments, a nucleic acid comprising a nucle 
otide sequence encoding a naturally-occurring terpene Syn 
thase is mutated, using any of a variety of well-established 
methods, giving rise to a nucleic acid comprising a nucleotide 
sequence encoding a variant terpene synthase. Suitable 
mutagenesis methods include, but are not limited to, chemical 
mutation methods, radiation-induced mutagenesis, and meth 
ods of mutating a nucleic acid during synthesis, as described 
Supra. Thus, e.g., a nucleic acid comprising a nucleotide 
sequence encoding a naturally-occurring terpene synthase is 
exposed to a chemical mutagen, as described above, or Sub 
jected to radiation mutation, or subjected to an error-prone 
PCR, and the mutagenized nucleic acid introduced into a 
genetically modified host cell(s) as described above. Methods 
for random mutagenesis using a "mutator strain of bacteria 
are also well known in the art and can be used to generate a 
variant terpene synthase. See, e.g., Greener et al., “An Effi 
cient Random Mutagenesis Technique Using an E. coli Muta 
tor Strain', Methods in Molecular Biology, 57:375-385 
(1995). Saturation mutagenesis techniques employing a poly 
merase chain reaction (PCR) are also well known and can be 
used. See, e.g., U.S. Pat. No. 6,171,820. Nucleic acids com 
prising a nucleotide sequence encoding a variant terpene 
synthase are identified by the ability to relieve growth inhi 
bition by a terpene biosynthetic pathway intermediate. 

Nucleotide sequences encoding terpene synthases are 
known in the art, and any known terpene synthase-encoding 
nucleotide sequence can be altered to generate a synthetic 
nucleic acid for use in a Subject method. For example, the 
following terpene synthase-encoding nucleotide sequences, 
followed by their GenBank accession numbers and the organ 
isms in which they were identified, are known and can be 
modified: (-)-germacrene D synthase mRNA (AY438099: 
Populus balsamifera Subsp. trichocarpa X Populus deltoids); 
E.E-alpha-farnesene synthase mRNA (AY 640154: Cucumis 
sativus); 1,8-cineole synthase mRNA (AY69 1947; Arabidop 
sis thaliana); terpene synthase 5 (TPS5) mRNA (AY518314: 
Zea mays); terpene synthase 4 (TPS4) mRNA (AY518312: 
Zea mays); myrcene/ocimene synthase (TPS10) 
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(At2g24210) mRNA (NM 127982: Arabidopsis thaliana): 
geraniol synthase (GES) mRNA (AY362553, Ocimum basi 
licum); pinene synthase mRNA (AY237645; Picea sitchen 
sis); myrcene synthase le20 mRNA (AY195609, Antirrhi 
num majus); (E)-f-ocimene synthase (0e23) mRNA 
(AY195607, Antirrhinum majus); E-f-ocimene synthase 
mRNA (AY151086, Antirrhinum majus); terpene synthase 
mRNA (AF497492; Arabidopsis thaliana): (-)-camphene 
synthase (AG6.5) mRNA (U87910, Abies grandis); (-)-4S 
limonene synthase gene (e.g., genomic sequence) 
(AF326518, Abies grandis); delta-selinene synthase gene 
(AF326513, Abies grandis); amorpha-4,11-diene synthase 
mRNA (AJ251751; Artemisia annua); E-C.-bisabolene syn 
thase mRNA (AF006195, Abies grandis); gamma-humulene 
synthase mRNA (U92267. Abies grandis); 8-selinene syn 
thase mRNA (U92266, Abies grandis); pinene synthase 
(AG3.18) mRNA (U87909, Abies grandis); myrcene syn 
thase (AG2.2) mRNA (U87908, Abies grandis); etc. 

In some embodiments, a synthetic nucleic acid comprising 
a nucleotide sequence encoding a variant terpene synthase is 
one that hybridizes under suitable hybridization conditions to 
a nucleic acid comprising a nucleotide sequence encoding 
any known terpene synthase. In some embodiments, a syn 
thetic nucleic acid comprising a nucleotide sequence encod 
ing a variant terpene synthase is one that hybridizes under 
Suitable hybridization conditions to a nucleic acid comprising 
a nucleotide sequence encoding a naturally-occurring terpene 
synthase. In some embodiments, a synthetic nucleic acid 
comprising a nucleotide sequence encoding a variant terpene 
synthase comprises a variant terpene synthase-encoding 
nucleotide sequence that has less than about 95% nucleotide 
sequence identity to a known terpene synthase-encoding 
nucleotide sequence, e.g., the variant terpene synthase-en 
coding nucleotide sequence has no more than from about 
90% to about 95%, from about 85% to about 90%, from about 
80% to about 85%, from about 75% to about 80%, from about 
70% to about 75%, from about 65% to about 70%, from about 
60% to about 65%, from about 55% to about 60%, or from 
about 50% to about 55% nucleotide sequence identity to a 
known terpene synthase-encoding nucleotide sequence. 

In some embodiments, the nucleotide sequence encoding a 
variant terpene synthase encodes a terpene synthase that has 
from about 50% to about 55%, from about 55% to about 60%, 
from about 60% to about 65%, from about 65% to about 70%, 
from about 70% to about 75%, from about 75% to about 80%, 
from about 80% to about 85%, from about 85% to about 90%, 
or from about 90% to about 95% amino acid sequence iden 
tity to the amino acid sequence of a known terpene synthase. 
Amino acid sequences of a number of terpene synthases are 
known in the art. 

For example, amino acid sequences of the following ter 
pene synthases are found under the GenBankAccession num 
bers shown in parentheses, along with the organism in which 
each was identified, following each terpene synthase: (-)- 
germacrene D synthase (AAR99061; Populus balsamifera 
Subsp. trichocarpa X Populus deltoids); D-cadinene synthase 
(P93665; Gossypium hirsutum); 5-epi-aristolochene syn 
thase (Q40577; Nicotiana tabacum); E.E-alpha-farnesene 
synthase (AAU05951: Cucumis sativus); 1,8-cineole syn 
thase (AAUO1970; Arabidopsis thaliana); (R)-limonene syn 
thase 1 (Q8L5K3, Citrus limon); syn-copalyl diphosphate 
synthase (AAS98158; Oryza sativa); a taxadiene synthase 
(Q9FT37; Taxus chinensis; Q93YA3; Taxus bacca; Q41594; 
Taxus brevifolia); a D-cadinene synthase (Q43714; Gos 
sypium arboretum); terpene synthase 5 (AAS88575; Zea 
mays); terpene synthase 4 (AAS88573; Zea mays); terpenoid 
synthase (AAS79352; Vitis vinifera); geraniol synthase 
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(AAR11765, Ocimum basilicum); myrcene synthase le20 
(AAO41727; Antirrhinum majus); 5-epi-aristolochene syn 
thase 37 (AAP05762; Nicotiana attenuata); (+)-3-carene 
synthase (AAO73863; Picea abies): (-)-camphene synthase 
(AAB70707. Abies grandis); abietadiene synthase 
(AAK83563, Abies grandis); amorpha-4,11-diene synthase 
(CAB94691; Artemisia annua); trichodiene synthase 
(AAC49957; Myrothecium roridum); gamma-humulene syn 
thase (AAC05728, Abies grandis); 8-selinene synthase 
(AAC05727. Abies grandis); etc. 
Consensus Terpene Synthases 

In some embodiments, a synthetic nucleic acid comprises a 
nucleotide sequence encoding a terpene synthase comprising 
a consensus amino acid sequence. A consensus amino acid 
sequence is derived by aligning three or more amino acid 
sequences, and identifying amino acids that are shared by at 
least two of the sequences. In some embodiments, the 
encoded terpene synthase comprises a consensus sequence 
derived from determining a consensus sequence of two or 
more naturally occurring plant terpene synthases. In some 
embodiments, the encoded terpene synthase comprises a con 
sensus sequence derived from determining a consensus 
sequence of two or more naturally occurring animal terpene 
synthases. In some embodiments, the encoded terpene Syn 
thase comprises a consensus sequence derived from deter 
mining a consensus sequence of two or more naturally occur 
ring bacterial terpene synthases. In some embodiments, the 
encoded terpene synthase comprises a consensus sequence 
derived from determining a consensus sequence of two or 
more naturally occurring terpene synthases from two or more 
different kingdoms, phyla, classes, order, families, genuses, 
or species. As one non-limiting example, a consensus terpene 
synthase amino acid sequence is derived by comparing (-)- 
limonene synthases from two, three, four, or more different 
plant species. As another non-limiting example, a consensus 
terpene synthase amino acid sequence is derived by compar 
ing (E)-C.-bisabolene synthase, myrcene synthase, Ö-Selinene 
synthase, and abietadiene synthase amino acid sequences 
(see, e.g., Bohlmann et al. (1998) Proc. Natl. Acad. Sci. USA 
95:4126-2133). 
Hybrid Terpene Synthases 

In some embodiments, a synthetic nucleic acid comprises a 
nucleotide sequence encoding a hybrid terpene synthase. 
Hybrid terpene synthases comprise amino acid sequences 
from two or more different terpene synthases. 

In some embodiments, the hybrid terpene synthase com 
prises, in order from N-terminus to C-terminus, from about 2 
to about 90, e.g., from about 2 to about 5, from about 5 to 
about 7, from about 7 to about 10, from about 10 to about 15, 
from about 15 to about 20, from about 20 to about 25, from 
about 25 to about 30, from about 30 to about 35, from about 
35 to about 40, from about 40 to about 45, from about 45 to 
about 50, from about 50 to about 55, from about 55 to about 
60, from about 60 to about 65, from about 65 to about 70, from 
about 75 to about 80, from about 80 to about 85, or from about 
85 to about 90 contiguous amino acids of a first terpene 
synthase; and from about 2 to about 90, e.g., from about 2 to 
about 5, from about 5 to about 7, from about 7 to about 10, 
from about 10 to about 15, from about 15 to about 20, from 
about 20 to about 25, from about 25 to about 30, from about 
30 to about 35, from about 35 to about 40, from about 40 to 
about 45, from about 45 to about 50, from about 50 to about 
55, from about 55 to about 60, from about 60 to about 65, from 
about 65 to about 70, from about 75 to about 80, from about 
80 to about 85, or from about 85 to about 90 contiguous amino 
acids of a second terpene synthase, where the first and second 
terpene synthases are different. 
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In some embodiments, the hybrid terpene synthase further 

comprises from about 2 to about 90, e.g., from about 2 to 
about 5, from about 5 to about 7, from about 7 to about 10, 
from about 10 to about 15, from about 15 to about 20, from 
about 20 to about 25, from about 25 to about 30, from about 
30 to about 35, from about 35 to about 40, from about 40 to 
about 45, from about 45 to about 50, from about 50 to about 
55, from about 55 to about 60, from about 60 to about 65, from 
about 65 to about 70, from about 75 to about 80, from about 
80 to about 85, or from about 85 to about 90 contiguous amino 
acids of a third terpene synthase, where the third terpene 
synthase is different from the first and second terpene syn 
thases. 

In still other embodiments, a hybrid terpene synthase fur 
ther comprises from about 2 to about 90, e.g., from about 2 to 
about 5, from about 5 to about 7, from about 7 to about 10, 
from about 10 to about 15, from about 15 to about 20, from 
about 20 to about 25, from about 25 to about 30, from about 
30 to about 35, from about 35 to about 40, from about 40 to 
about 45, from about 45 to about 50, from about 50 to about 
55, from about 55 to about 60, from about 60 to about 65, from 
about 65 to about 70, from about 75 to about 80, from about 
80 to about 85, or from about 85 to about 90 contiguous amino 
acids of a fourth terpene synthase, where the fourth terpene 
synthase is different from the first, second, and third terpene 
synthases. 
As one non-limiting example, a hybrid terpene synthase 

comprises amino acid sequences from two or more members 
of the Tspa gene family; two or more members of the Tspb 
gene family; two or more members of the Tspc gene family; 
two or more members of the Tspd gene family; two or more 
members of the Tspe gene family; two or more members of 
the Tspf gene family; or two or more members of the Tspg 
gene family. See, e.g., Bohmann et al. (1998), Supra; and 
Dudareva et al. (2003) The Plant Cell 15:1277-1241. 

Hybrid terpene synthases can be generated using any 
known method, including, but not limited to, exon shuffling, 
domain Swapping, and the like. Exon shuffling methods are 
well known in the art. See, e.g., Nixon etal. (1997) Proc. Natl. 
Acad. Sci. USA 94:1069-1073; Fischet al. (1996) Proc Natl 
Acad Sci USA 93(15):7761-7766. Methods of generating 
nucleic acids encoding hybrid terpene synthases are well 
known in the art; and any known method can be used. See, 
e.g., Meyerhans et al. “DNA recombination using PCR 
Nucleic Acids Res. 18:1687-1691 (1990): Kluget al. (1991) 
“Creating chimeric molecules by PCR directed homologous 
DNA recombination.” Nucl. Acids Res. 19(10): 2793; Ho et 
al. “Site-directed mutagenesis by overlap extension using the 
polymerase chain reaction' Gene 77:51-59 (1989); Calogero 
et al. “In vivo recombination and the production of hybrid 
genes' Microbiol. Lett. 97:41-44 (1992); and U.S. Pat. Nos. 
6,653,072, 6,177.263. 
As one non-limiting example, exons encoding the Tspd 

type terpene synthases Y-humulene and Ö-selinine can be 
shuffled to generate a hybrid terpene synthase, e.g., where a 
synthetic nucleic acid is generated that comprises exons IX, 
X, and XI of a Y-humulene gene and exons XII, XIII, and XIV 
ofa Ö-Selinine gene. The exon/introns structures of numerous 
terpene synthase genes are known and have been published. 
See, e.g., Trapp and Croteau (2001) Genetics 168:811-832; 
and Cseke et al. (1998) Mol Biol Evol. 15(11): 1491-8. 

Hybrid terpene synthases can be generated by a domain 
Swapping method. Functional domains of terpene synthases 
are known in the art. See, e.g., Back and Chappell (1996) 
Proc. Natl. Acad. Sci. USA 93:6841-6845). For example, 
exon 4 of the 5-epi-aristolochene synthase gene of Nicotiana 
tabacum encodes an amino acid sequence conferring product 
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specificity for the predominant reaction products of the 
tobacco terpene synthase; while exon 6 of the vetispiradiene 
synthase gene of Hyoscyamus muticus encodes an amino acid 
sequence conferring product specificity for the predominant 
reaction products of the Hyoscyamus terpene synthase. 
Biosynthesis Pathway Gene Products 

Biosynthetic pathway gene products that can be identified 
using a Subject method include gene products that have activ 
ity in a biosynthetic pathway that produces an intermediate 
that is growth inhibiting (e.g., toxic) for a prokaryotic or 
eukaryotic host cell that produces the intermediate. 
As one non-limiting example, E. coli expressing the S. 

cerevisiae HMG-CoA synthase accumulate HMG-CoA at 
levels that are growth inhibiting. An exogenous nucleic acid 
comprising a nucleotide sequence encoding HMG-CoA 
reductase relieves the growth inhibition caused by accumu 
lation of HMG-CoA. 
As another non-limiting example, a prokaryotic host cell is 

genetically modified with a nucleic acid comprising nucle 
otide sequences that encode gene products in a biosynthetic 
pathway, where the biosynthetic pathway produces an anti 
biotic (the toxic, or growth-inhibiting, intermediate). Exog 
enous nucleic acids are introduced into the genetically modi 
fied host cell; and nucleic acids comprising nucleotide 
sequences encoding gene products that provide for antibiotic 
resistance are identified by their ability to relieve the growth 
inhibition caused by the antibiotic. In this example, gene 
products include proteins that provide for export of the anti 
biotic from the cell; and enzymes that modify the antibiotic 
such that it no longer inhibits growth of the cell. 
Terpene Biosynthetic Pathways 
The present invention provides screening methods, for 

identifying a gene product having activity in a terpene bio 
synthetic pathway. The methods generally involve a) intro 
ducing into a genetically modified host cell an exogenous 
nucleic acid comprising a nucleotide sequence encoding a 
candidate gene product, where the genetically modified host 
cell is genetically modified with a nucleic acid comprising a 
nucleotide sequence encoding one or more terpene biosyn 
thetic pathway enzymes, where synthesis of the enzyme(s) in 
the host cell results in conversion of a substrate for the 
enzyme into a biosynthetic pathway intermediate, which 
intermediate is produced in an amount effective to inhibit 
growth of the host cell; and b) determining the effect, if any, 
of expression of the candidate gene product on the growth of 
the host cell. A reduction in growth inhibition indicates that 
the exogenous nucleic acid encodes a gene product having 
activity in the terpene biosynthetic pathway. 

Terpene biosynthetic pathway intermediates that inhibit 
growth of a host cell include, but are not limited to, IPP. 
DMAPP, and polyprenyl diphosphates (e.g., GPP FPP, 
GGPP, GFPP, HexPP. HepPP, OPP, SPP, DPP, NPP, UPP. 
etc.). 

In some embodiments, a Subject screening method for 
identifying a gene product having activity in a terpene bio 
synthetic pathway involves a) introducing into a plurality of 
genetically modified host cells in in vitro culture an exog 
enous nucleic acid encoding a candidate gene product, form 
ing test cells, where the genetically modified host cells are 
genetically modified with a nucleic acid comprising a nucle 
otide sequence encoding a terpene biosynthetic pathway 
enzyme, and where synthesis of the enzyme in the test cells 
results in conversion of a Substrate for the enzyme into a 
terpene biosynthetic pathway intermediate, which intermedi 
ate is produced in an amount effective to inhibitgrowth of the 
test cell; and b) determining the effect, if any, of expression of 
the candidate gene product on the growth of the test cells, 
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where a reduction in growth inhibition indicates that the 
exogenous nucleic acid encodes a gene product having activ 
ity in the terpene biosynthetic pathway. 

In some embodiments, a subject screening method for 
identifying a gene product having activity in a terpene bio 
synthetic pathway involves a) introducing into a plurality of 
genetically modified host cells in in vitro culture a plurality of 
exogenous nucleic acids, each exogenous nucleic acid com 
prising a nucleotide sequence encoding a candidate gene 
product, forming test cells, where the genetically modified 
host cells are genetically modified with a nucleic acid com 
prising a nucleotide sequence encoding a terpene biosyn 
thetic pathway enzyme, and where synthesis of the enzyme in 
the test cells results in conversion of a substrate for the 
enzyme into a terpene biosynthetic pathway intermediate, 
which intermediate is produced in an amount effective to 
inhibit growth of the test cell; and b) determining the effect, if 
any, of expression of the candidate gene product on the 
growth of the test cells, where a reduction in growth inhibition 
identifies an exogenous nucleic acid that encodes a gene 
product having activity in the terpene biosynthetic pathway. 

In some embodiments, a Subject method of identifying a 
gene product having activity in a terpene biosynthetic path 
way involves: a) introducing into a plurality of genetically 
modified host cells in in vitro culture a plurality of exogenous 
nucleic acids, each comprising a nucleotide sequence encod 
ing a candidate gene product, forming test cells, where the 
genetically modified host cells are genetically modified with 
a nucleic acid comprising a nucleotide sequence encoding a 
terpene biosynthetic pathway enzyme, and where synthesis 
of the enzyme in the test cells results in conversion of a 
substrate for the enzyme into a terpene biosynthetic pathway 
intermediate, which intermediate is produced in an amount 
effective to induce death of the test cells; and b) upon detect 
ing cell death in control cells into which an exogenous nucleic 
acid has not been introduced, detecting test cells that Survive 
the intermediate-induced cell death, where survival of a test 
cell identifies an exogenous nucleic acid that encodes a gene 
product having activity in the terpene biosynthetic pathway. 
Thus, a test cell that survives the intermediate-induced cell 
death comprises a candidate gene product having activity in 
the terpene biosynthetic pathway. 

In some embodiments, the biosynthetic pathway enzyme 
substrate is added to the in vitro culture medium. In some 
embodiments, the genetically modified host cells are geneti 
cally modified with a nucleic acid comprising a nucleotide 
sequence encoding a biosynthetic pathway enzyme, where 
the nucleotide sequence encoding the biosynthetic pathway 
enzyme is under control of an inducible promoter. In these 
embodiments, an inducer is added to the culture medium. In 
some embodiments, both inducer and substrate are added to 
the culture medium. 
One non-limiting example of terpene synthase genes that 

may be identified by the method of the present invention are 
amorphadiene synthase genes. When the functional biosyn 
thetic genes sought to be identified are terpene synthase 
genes, the Source for the exogenous nucleic acid is in some 
embodiments an isoprenoid-producing cell or organism. In 
other embodiments, the exogenous nucleic acid is a synthetic 
nucleic acid. 
The intermediate in the terpene biosynthesis pathway is 

typically a prenyl diphosphate such as IPP. DMAPP, or a 
polyprenyl diphosphate. Polyprenyl diphosphates include, 
but are not limited to, geranyl diphosphate, farnesyl diphos 
phate, geranylgeranyl diphosphate, geranylfarnesyl diphos 
phate, hexaprenyl diphosphate, heptaprenyl diphosphate, 
octaprenyl diphosphate, Solanesyl diphosphate, decaprenyl 
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diphosphate, undecaprenyl diphosphate, dehydrodolichyl 
diphosphate, natural rubber, and a Z-isoprenyl diphosphate. 
When the concentration of the prenyl diphosphate inter 

mediate reaches a certain level, the genetically modified host 
cell exhibits growth inhibition, which may be accompanied 
by cell death, mutation of cellular DNA, or entry of the cell 
into a quiescent state. The growth inhibition of the genetically 
modified host cell is relieved if the exogenous nucleic acid 
comprises a nucleotide sequence encoding a terpene synthase 
gene. The terpene synthase is produced in the cell and cata 
lyzes a modification of the prenyl diphosphate intermediate, 
Such that the intermediate is no longer growth inhibiting 
and/or the level of the intermediate is reduced to a level that is 
not growth inhibiting. Thus, in those situations where the 
genetically modified host cell exhibits relief of growth inhi 
bition, the exogenous nucleic acid is isolated and character 
ized. 

Exogenous nucleic acids that relieve the growth inhibition 
are isolated and characterized for the presence of a nucleotide 
sequence that encodes a terpene synthase and/or other 
enzymes that modify the intermediate or a downstream prod 
uct. For example, the terpene synthase encoded by the exog 
enous nucleic acid will catalyze the conversion of a prenyl 
diphosphate to form a terpene. 
As non-limiting examples, a terpene synthase identified 

using a Subject Screening method will catalyze the exemplary 
prenyl diphosphates listed above to form the following terpe 
nes: IPP will be modified by a terpene synthase to form a 
5-carbon hemiterpene; DMAPP will be modified by a terpene 
synthase to form a 5-carbon hemiterpene: GPP will be modi 
fied by a terpene synthase to form a 10-carbon monoterpene; 
FPP will be modified by a terpene synthase to from a 15-car 
bon sesquiterpene; and GGPP will be modified by a terpene 
synthase to form a 20-carbon diterpene. Of course it is under 
stood that this list is merely exemplary and that the method of 
the claimed invention may be used to identify terpene cyclase 
genes that catalyze the modification of any prenyl diphos 
phate. 

Because the amount of terpenes isolated from the geneti 
cally modified host cell is dependent on the amount of prenyl 
diphosphate generated in genetically modified host cell, 
increasing the amount of prenyl diphosphate will conse 
quently increase the amount ofterpenes isolated from the host 
microorganism. 
Where a subject method is a screening method to identify 

a gene product having activity in a terpene biosynthetic path 
way, the genetically modified host cell will in some embodi 
ments be engineered to convert acetyl-CoA or mevalonate to 
a prenyl diphosphate. 

In some embodiments, a Subject screening method will 
identify candidate gene products that modify a product of a 
terpene synthase. As an example, the crtN gene was found in 
Heliobacillus mobilis (Xiang et al. (1988) Proc. Natl. Acad. 
Sci. USA 95:14851-14856) to encode diapophytoene dehy 
drogenase is a part of the carotenoid biosynthesis pathway. 
Thus, in some embodiments, a Subject Screening method will 
identify multiple (two or more) genes products that are active 
in a terpene biosynthetic pathway). For example, in some 
embodiments, a subject screening method will identify an 
operon that encodes multiple enzymes in a terpene biosyn 
thetic pathway. 

Exemplary Embodiments 

Any of the above-described genetically modified cells can 
be used in a Subject screening method. In some embodiments, 
a Subject genetically modified cell library is used in a subject 
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screening method. The following are non-limiting examples 
of use of a Subject genetically modified cell in a subject 
screening method. 

In some embodiments, the genetically modified host cells 
are prokaryotic cells that comprise a nucleic acid comprising 
nucleotide sequences encoding acetoacetyl-CoA thiolase, 
HMGS, HMGR, MK, PMK, MPD, IDI, and an prenyl trans 
ferase, where the nucleotide sequences are part of a transcrip 
tional unit operably linked to an inducible promoter, and 
where the prenyltransferase is selected from a GPP synthase, 
an FPP synthase, a GGPP synthase, a GFPP synthase, a 
HexPP synthase, a HepPP synthase, an OPP synthase, an SPP 
synthase, a DPP synthase, an NPP synthase, and a UPP syn 
thase. When the inducer is added to the medium, the enzymes 
are synthesized, and growth-inhibiting (e.g., toxic, or cell 
death-inducing) amounts of the polyprenyldiphosphate inter 
mediate are produced. When death is detected in control cells, 
Survival of polyprenyl diphosphate intermediate-induced 
death is detected in test cells into which exogenous nucleic 
acids were introduced. In some embodiments, the exogenous 
nucleic acid is isolated from the test cells. 

For example, in some embodiments, the genetically modi 
fied host cells are prokaryotic cells that comprise a nucleic 
acid comprising nucleotide sequences encoding acetoacetyl 
CoA thiolase, HMGS, HMGR, MK, PMK, MPD, IDI, and an 
FPP synthase, where the nucleotide sequences are part of a 
transcriptional unit operably linked to an inducible promoter. 
When the inducer is added to the medium, the enzymes are 
synthesized, and growth-inhibiting (e.g., toxic, or cell death 
inducing) amounts of the terpene biosynthetic pathway inter 
mediate FPP are produced. When death is detected in control 
cells, survival of FPP-induced death is detected in test cells 
into which exogenous nucleic acids were introduced. In some 
embodiments, the exogenous nucleic acid is isolated from the 
test cells. 

In other embodiments, the genetically modified host cells 
are prokaryotic cells that comprise a first nucleic acid that 
comprises nucleotide sequences encoding acetoacetyl-CoA 
thiolase, HMGS, HMGR, MK, PMK, MPD, and IDI, where 
the nucleotide sequences are part of a transcriptional unit 
operably linked to an inducible promoter; and a second 
nucleic acid comprising a nucleotide sequence encoding a 
prenyl transferase, where the prenyl transferase is selected 
from a GPP synthase, an FPP synthase, a GGPP synthase, a 
GFPP synthase, a HexPP synthase, a HepPP synthase, an 
OPP synthase, an SPP synthase, a DPP synthase, an NPP 
synthase, and a UPP synthase. Typically, the nucleotide 
sequence encoding the prenyl transferase is also operably 
linked to an inducible promoter, which may be induced by the 
same or different inducer as the inducible promoter operably 
linked to the nucleotide sequences encoding acetoacetyl-CoA 
thiolase, HMGS, HMGR, MK, PMK, MPD, and IDI. When 
the inducer(s) is added to the medium, the enzymes are syn 
thesized, and toxic amounts of the terpene biosynthetic path 
way polyprenyl diphosphate intermediate are produced. 
When death is detected in control cells, survival of polyprenyl 
diphosphate intermediate-induced death is detected in test 
cells into which exogenous nucleic acids were introduced. In 
Some embodiments, the exogenous nucleic acid is isolated 
from the test cells. 

In some embodiments, the genetically modified host cells 
are prokaryotic cells that comprise a nucleic acid comprising 
nucleotide sequences encoding MK, PMK, MPD, IDI, and an 
prenyltransferase, where the nucleotide sequences are part of 
a transcriptional unit operably linked to an inducible pro 
moter, and where the prenyl transferase is selected from a 
GPP synthase, an FPP synthase, a GGPP synthase, a GFPP 
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synthase, a HexPP synthase, a HepPP synthase, an OPP syn 
thase, an SPP synthase, a DPP synthase, an NPP synthase, and 
a UPP synthase. When the inducer and mevalonate are added 
to the medium, the enzymes are synthesized, and growth 
inhibiting (e.g., toxic, or cell death-inducing) amounts of the 
polyprenyl diphosphate intermediate are produced. When 
death is detected in control cells, survival of polyprenyl 
diphosphate intermediate-induced death is detected in test 
cells into which exogenous nucleic acids were introduced. In 
Some embodiments, the exogenous nucleic acid is isolated 
from the test cells. 

For example, in some embodiments, the genetically modi 
fied host cells are prokaryotic cells that comprise a nucleic 
acid comprising nucleotide sequences encoding MK, PMK, 
MPD, IDI, and an FPP synthase, where the nucleotide 
sequences are part of a transcriptional unit operably linked to 
an inducible promoter. When the inducer and mevalonate are 
added to the medium, the enzymes are synthesized, and 
growth-inhibiting (e.g., toxic, or cell death-inducing) 
amounts of the terpene biosynthetic pathway intermediate 
FPP are produced. When death is detected in control cells, 
survival of FPP-induced death is detected in test cells into 
which exogenous nucleic acids were introduced. In some 
embodiments, the exogenous nucleic acid is isolated from the 
test cells. 

In other embodiments, the genetically modified host cells 
are prokaryotic cells that comprise a first nucleic acid that 
comprises nucleotide sequences encoding MK, PMK, MPD, 
and IDI, where the nucleotide sequences are part of a tran 
Scriptional unit operably linked to an inducible promoter, and 
a second nucleic acid comprising a nucleotide sequence 
encoding a prenyl transferase, where the prenyl transferase is 
selected from a GPP synthase, an FPP synthase, a GGPP 
synthase, a GFPP synthase, a HexPP synthase, a HepPP syn 
thase, an OPP synthase, an SPP synthase, a DPP synthase, an 
NPP synthase, and a UPP synthase. Typically, the nucleotide 
sequence encoding the prenyl transferase is also operably 
linked to an inducible promoter, which may be induced by the 
same or different inducer as the inducible promoter operably 
linked to the nucleotide sequences encoding MK, PMK, 
MPD, and IDI. When the inducer(s) and mevalonate are 
added to the medium, the enzymes are synthesized, and toxic 
amounts of the terpene biosynthetic pathway polyprenyl 
diphosphate intermediate are produced. When death is 
detected in control cells, survival of polyprenyl diphosphate 
intermediate-induced death is detected intest cells into which 
exogenous nucleic acids were introduced. In some embodi 
ments, the exogenous nucleic acid is isolated from the test 
cells. 

In other embodiments, the genetically modified host cells 
are eukaryotic cells that comprise a nucleic acid(s) that com 
prises nucleotide sequences encoding 1-deoxy-D-xylulose 
5-phosphate synthase, 1-deoxy-D-xylulose-5-phosphate 
reductoisomerase, 4-diphosphocytidyl-2-C-methyl-D-eryth 
ritol synthase, 4-diphosphocytidyl-2-C-methyl-D-erythritol 
kinase, 2C-methyl-D-erythritol 2.4-cyclodiphosphate Syn 
thase, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate Syn 
thase, and isopentenyl/dimethylallyl diphosphate synthase, 
where the nucleotide sequences are operably linked to an 
inducible promoter, and a second nucleic acid comprising a 
nucleotide sequence encoding a prenyltransferase, where the 
prenyl transferase is selected from a GPP synthase, an FPP 
synthase, a GGPP synthase, a GFPP synthase, a HexPP syn 
thase, a HepPP synthase, an OPP synthase, an SPP synthase, 
a DPP synthase, an NPP synthase, and a UPP synthase. When 
the inducer is are added to the medium, the enzymes are 
synthesized, and toxic amounts of the terpene biosynthetic 
pathway polyprenyl diphosphate intermediate are produced. 
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When death is detected in control cells, survival of polyprenyl 
diphosphate intermediate-induced death is detected in test 
cells into which exogenous nucleic acids were introduced. In 
Some embodiments; the exogenous nucleic acid is isolated 
from the test cells. 

In other embodiments, the genetically modified host cells 
are eukaryotic cells that comprise a nucleic acid(s) that com 
prises nucleotide sequences encoding 4-diphosphocytidyl-2- 
C-methyl-D-erythritol synthase, 4-diphosphocytidyl-2-C- 
methyl-D-erythritol kinase, 2C-methyl-D-erythritol 2,4- 
cyclodiphosphate synthase, 1-hydroxy-2-methyl-2-(E)- 
butenyl 4-diphosphate synthase, and isopentenyl/ 
dimethylallyl diphosphate synthase, where the nucleotide 
sequences are operably linked to an inducible promoter; and 
a second nucleic acid comprising a nucleotide sequence 
encoding a prenyl transferase, where the prenyl transferase is 
selected from a GPP synthase, an FPP synthase, a GGPP 
synthase, a GFPP synthase, a HexPP synthase, a HepPP syn 
thase, an OPP synthase, an SPP synthase, a DPP synthase, an 
NPP synthase, and a UPP synthase. When the inducer and 
methylerythritol are added to the medium, the enzymes are 
synthesized, and toxic amounts of the terpene biosynthetic 
pathway polyprenyl diphosphate intermediate are produced. 
When death is detected in control cells, survival of polyprenyl 
diphosphate intermediate-induced death is detected in test 
cells into which exogenous nucleic acids were introduced. In 
Some embodiments, the exogenous nucleic acid is isolated 
from the test cells. 
Increasing the Intracellular Concentration of a Biosynthetic 
Pathway Intermediate 

In some embodiments, the intracellular concentration (e.g., 
the concentration of the intermediate in the genetically modi 
fied host cell) of the biosynthetic pathway intermediate is 
increased. The intracellular concentration of the intermediate 
can be increased in a number of ways, including, but not 
limited to, increasing the concentration in the culture medium 
of a Substrate for a biosynthetic pathway; increasing the cata 
lytic activity of an enzyme that is active in the biosynthetic 
pathway; increasing the intracellular amount of a substrate 
(e.g., a primary Substrate) for an enzyme that is active in the 
biosynthetic pathway; and the like. 
Increasing the Amount of a Substrate in the Culture Medium 

In some embodiments, genetically modified host cells for 
use in a subject method are genetically modified to produce 
gene products in the MEV pathway. In some of these embodi 
ments, the intracellular concentration of a terpene biosyn 
thetic pathway intermediate is increased by increasing the 
amount of mevalonate in the culture medium. The concentra 
tion of mevalonate in the culture medium is generally in the 
range of from about 1 mM to about 50 mM, e.g., from about 
1 mM to about 5 mM, from about 5 mM to about 10 mM, from 
about 10 mM to about 20 mM, from about 20 mM to about 30 
mM, from about 30 mM to about 40 mM, or from about 40 
mM to about 50 mM. 

In some embodiments, genetically modified host cells for 
use in a subject method are genetically modified to produce 
gene products in the DXP pathway. Thus, in some embodi 
ments, the genetically modified host cell is capable of con 
Verting 1-deoxy-D-xylulose-5-phosphate to a prenyl diphos 
phate. In some embodiments, the genetically modified host 
cell comprises a nucleic acid comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6. In these 
embodiments, the genetically modified host cell is placed in a 
1-deoxy-D-xylulose 5-phosphate-rich growth medium, 
thereby increasing intracellular concentrations of prenyl 
diphosphates until growth of the genetically modified host 
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cell is inhibited. The concentration of 1-deoxy-D-xylulose 
5-phosphate in the culture medium is generally in the range of 
from about 1 mM to about 50 mM, e.g., from about 1 mM to 
about 5 mM, from about 5 mM to about 10 mM, from about 
10 mM to about 20 mM, from about 20 mM to about 30 mM, 
from about 30 mM to about 40 mM, or from about 40 mM to 
about 50 mM. In other embodiments, the host the genetically 
modified host cell comprises a nucleic acid comprising nucle 
otide sequences encoding DXP pathway enzymes 3-6. In 
these embodiments, the genetically modified host cell is 
placed in a methylerythritol-rich growth medium, thereby 
increasing intracellular concentrations of prenyl diphos 
phates until growth of the genetically modified host cell is 
inhibited. The concentration of methylerythritol in the culture 
medium is generally in the range of from about 1 mM to about 
50 mM, e.g., from about 1 mM to about 5 mM, from about 5 
mM to about 10 mM, from about 10 mM to about 20 mM, 
from about 20 mM to about 30 mM, from about 30 mM to 
about 40 mM, or from about 40 mM to about 50 mM. 
Increasing Catalytic Activity of an Enzyme Having Activity 
in the Biosynthetic Pathway 

In some embodiments, the intracellular concentration of a 
biosynthetic pathway intermediate is increased by increasing 
catalytic activity of an enzyme in the biosynthetic pathway 
that leads to production of the intermediate. For example, 
where the genetically modified host cells for use in a subject 
method are genetically modified to produce gene products in 
the MEV pathway, the nucleotide sequence encoding MK 
and/or PMK and/or MPD are modified such that the encoded 
MK and/or PMK and/or MPD have increased catalytic activ 
ity, Such that the amount of the growth-inhibiting terpene 
biosynthetic pathway intermediate is increased. 

Nucleic acids comprising nucleotide sequences encoding 
variant terpene biosynthetic pathway enzymes (e.g., MKand/ 
or PMK and/or MPD) that exhibit increase catalytic activity 
are generated using any of a variety of methods, e.g., by 
random mutagenesis (e.g., using chemical mutagenesis meth 
ods, radiation-induced mutagenesis, PCR-based mutagenesis 
methods, and the like). 

Whether a nucleotide sequence encodes a variant terpene 
biosynthetic pathway enzyme(s) (e.g., MK and/or PMK and/ 
or MPD) that exhibits increase catalytic activity can be 
readily determined. For example, a nucleic acid comprising a 
nucleotide sequence encoding a variant terpene biosynthetic 
pathway enzyme(s) (e.g., MK and/or PMK and/or MPD) that 
exhibits increase catalytic activity is introduced into a 
prokaryotic or eukaryotic host cell. In the presence of meva 
lonate in the culture medium, cells that exhibit growth inhi 
bition at a faster rate than other cells may include a nucleic 
acid comprising a nucleotide sequence encoding a variant 
terpene biosynthetic pathway enzyme(s) (e.g., MK and/or 
PMK and/or MPD) that exhibits increase catalytic activity. 
For example, a nucleic acid comprising a nucleotide sequence 
encoding a variant terpene biosynthetic pathway enzyme(s) 
(e.g., MK and/or PMK and/or MPD) that exhibits increase 
catalytic activity can be identified as follows. Where the 
genetically modified host cell is a prokaryotic cell Such as a 
bacterium, the genetically modified host cell is cultured in 
vitro under conditions such that the intermediate is produced; 
and the bacterium is plated out on a solid bacterial culture 
medium. Where intracellular concentrations of the interme 
diate inhibit cell growth, the colony size of the bacterial cells 
exhibiting growth inhibition will be smaller than the colony 
size of bacterial cells not exhibiting growth inhibition. 
Smaller colonies will in some embodiments contain nucleic 
acids encoding terpene biosynthetic pathway enzymes that 
have increased catalytic activity. 
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A similar scheme can be carried out to identify a nucleic 

acid comprising a nucleotide sequence encoding a variant 
terpene biosynthetic pathway enzyme(s) in the DXP pathway 
that exhibits increase catalytic activity. The genetically modi 
fied host cell may be screened for increased production of 
1-deoxy-D-xylulose-5-phosphate (DXP) pathway products 
Such as: (a) 1-deoxy-D-xylulose-5-phosphate; (b) 2-C-me 
thyl-D-erythritol-4-phosphate; (c) 4-diphosphocytidyl-2-C- 
methyl-D-erythritol-2-phosphate; (d) 2-C-methylerythritol 
2.4-cyclodiphosphate; and (e) 1-hydroxy-2-methyl-2-(E)- 
butenyl-4-diphosphate, such that DXP pathway genes 
isolated from the clones are selected as improved DXP path 
way genes which are introduced into the host microorganism 
to engineer cells capable of producing increased amounts of 
the prenyl diphosphates. 
Increasing Intracellular Production of a Primary Substrate 

In some embodiments, the concentration of the prenyl 
diphosphate intermediate is increased by increasing the con 
centration of the primary Substrate (e.g., acetyl-CoA, meva 
lonate, pyruvate, glyceraldehyde-3-phosphate, and the like) 
in the host cell. For example, in some embodiments, the 
intracellular concentration of a growth-inhibiting terpene 
biosynthetic pathway intermediate, flux through the MEV 
pathway is increased by increasing the production of acetyl 
CoA, the universal precursor of the MEV pathway. Increasing 
production of acetyl-CoA is achieved by increasing the con 
centration of glucose in the culture medium. 

In other embodiments, the intracellular concentration of 
acetyl-CoA in the host cell is increased by reducing the level 
and/or activity of phosphotransacetylase in the host cell. In 
Some embodiments, the level of phosphotransacetylase in the 
host cell is reduced by rendering the gene encoding phospho 
transacetylase non-functional. The pta gene can be rendered 
non-functional in any of a variety of ways, including insertion 
of a mobile genetic element (e.g., a transposon, etc.); deletion 
of all or part of the gene. Such that the gene product is not 
made, or is truncated and is non-functional in converting 
acetyl-CoA to acetate; mutation of the gene Such that the gene 
product is not made, or is truncated and is non-functional in 
converting acetyl-CoA to acetate; deletion or mutation of one 
or more control elements that control expression of the pta 
gene Such that the gene product is not made; and the like. E. 
coli secretes a significant fraction of intracellular acetyl-CoA 
in the form of acetate into the medium. Holms (1986) Curr 
Top Cell Regul. 28:69-105. Deleting the gene encoding phos 
photransacetylase, pta, the first enzyme responsible for trans 
forming acetyl-CoA into acetate, has been shown to signifi 
cantly reduce acetate secretion and increase the Secretion of 
pyruvate, lactate, and other metabolites, while decreasing the 
growth rate on glucose. Chang (1999).J. Bacteriol. 181 (21): 
6656-63. 

In some embodiments, the pta gene of a genetically modi 
fied host cell is deleted. Any method for deleting a gene can be 
used. One non-limiting example of a method for deletingapta 
gene is by use of the WRed recombination system. Datsenko 
and Wanner (2000) Proc Natl AcadSci USA 97(12): p. 6640 
5. The pta gene will in some embodiments be deleted from a 
host cell (e.g., E. coli) that is genetically modified with a 
nucleic acid comprising nucleotide sequences encoding MK, 
PMK, MPD, and IDI. The pta gene will in some embodiments 
be deleted from a host cell (e.g., E. coli) that is genetically 
modified with a nucleic acid comprising nucleotide 
sequences encoding MK, PMK, MPD, and IPP. The pta gene 
will in some embodiments be deleted from a host cell (e.g., E. 
coli) that is genetically modified with a nucleic acid compris 
ing nucleotide sequences encoding MK, PMK, MPD, IPP. 
and a prenyl transferase. 



US 7,927,794 B2 
65 

In some embodiments, genetically modified host cells for 
use in a subject method are genetically modified to produce 
gene products in the DXP pathway. Thus, in some embodi 
ments, the genetically modified host cell is capable of con 
Verting 1-deoxy-D-xylulose-5-phosphate to a prenyl diphos 
phate. In these embodiments, the genetically modified host 
cell is placed in a 1-deoxy-D-xylulose 5-phosphate-rich 
growth medium, thereby increasing intracellular concentra 
tions of prenyl diphosphates until growth of the genetically 
modified host cell is inhibited. The intracellular concentra 
tions of the prenyl diphosphates are increased by increasing 
flux through the 1-deoxy-D-xylulose-5-phosphate (DXP) 
pathway by increasing production of glyceraldehydes 
3-phosphate or pyruvate. 
Kits 
The present invention further provides a kit for carrying out 

a subject screening method. A Subject kit will include at least 
one genetically modified host cell, where the host cell is 
genetically modified with a nucleic acid comprising a nucle 
otide sequence encoding a biosynthetic pathway enzyme. 
Under appropriate culture conditions, synthesis of the 
enzyme in the genetically modified host cell results in con 
version of a substrate for the enzyme into a biosynthetic 
pathway intermediate, which intermediate is produced in an 
amount effective to inhibitgrowth of the genetically modified 
host cell. In some embodiments, the kit will further include a 
substrate for the biosynthetic pathway enzyme. 

In some embodiments, a Subject kit comprises any of the 
above-described subject genetically modified host cell librar 
ies. In some embodiments, the member genetically modified 
host cell of a subject genetically modified host cell library is 
provided in separate containers (e.g., vials). In some embodi 
ments, a subject kit will comprise two or more separate con 
tainers, each comprising genetically modified host cells, 
where the genetically modified host cells are cells that have 
been genetically modified with one or more nucleic acids 
comprising nucleotide sequences encoding MEV pathway 
enzymes; and further nucleic acid comprising a nucleotide 
sequence encoding a prenyl transferase, where each member 
genetically modified host cell comprises a nucleotide 
sequence encoding a different prenyl transferase. In some 
embodiments, a subject kit will comprise two or more sepa 
rate containers, each comprising genetically modified host 
cells genetically modified with one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes; and further nucleic acid comprising a nucleotide 
sequence encoding a prenyl transferase, where each member 
genetically modified host cell comprises a nucleotide 
sequence encoding a different prenyl transferase. In other 
embodiments, the member genetically modified host cells are 
not in separate containers; instead, the member genetically 
modified host cells are packaged in the same container as a 
mixed population. 

In some embodiments, a Subject kit comprises a subject 
bacterial library comprising two or more members, each 
member being a bacterium that has been genetically modified 
to comprise one or more nucleic acids comprising nucleotide 
sequences encoding MEV pathway enzymes, and a nucle 
otide sequence encoding a different prenyl transferase 
selected from a GPP synthase, an FPP synthase, a GGPP 
synthase, a GFPP synthase, a HexPP synthase, a HepPP syn 
thase, an OPP synthase, an SPP synthase, a DPP synthase, an 
NPP synthase, and a UPP synthase. Thus, e.g., in some 
embodiments, a subject kit will comprise a first bacterium 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding MK. PMK, MPD, and 
IDI; and a further nucleic acid comprising a nucleotide 
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sequence encoding a GPP synthase; a second bacterium 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding MK. PMK, MPD, and 
IDI; and a further nucleic acid comprising a nucleotide 
sequence encoding an FPP synthase; a third bacterium geneti 
cally modified with one or more nucleic acids comprising 
nucleotide sequences encoding MK, PMK, MPD, and IDI; 
and a further nucleic acid comprising a nucleotide sequence 
encoding a GGPP synthase; a fourth bacterium genetically 
modified with one or more nucleic acids comprising nucle 
otide sequences encoding MK. PMK, MPD, and IDI; and a 
further nucleic acid comprising a nucleotide sequence encod 
ing a GFPP synthase; a fifth bacterium genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding MK, PMK, MPD, and IDI; and a further 
nucleic acid comprising a nucleotide sequence encoding a 
HexPP synthase; a sixth bacterium genetically modified with 
one or more nucleic acids comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI; and a further nucleic 
acid comprising a nucleotide sequence encoding a HepPP 
synthase; a seventh bacterium genetically modified with one 
or more nucleic acids comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI; and a further nucleic 
acid comprising a nucleotide sequence encoding an OPP 
synthase; an eighth bacterium genetically modified with one 
or more nucleic acids comprising nucleotide sequences 
encoding MK, PMK, MPD, and IDI; and a further nucleic 
acid comprising a nucleotide sequence encoding an SPP syn 
thase; a ninth bacterium genetically modified with one or 
more nucleic acids comprising nucleotide sequences encod 
ing MK. PMK, MPD, and IDI; and a further nucleic acid 
comprising a nucleotide sequence encoding a DPP synthase: 
a tenth bacterium genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
MK, PMK, MPD, and IDI; and a further nucleic acid com 
prising a nucleotide sequence encoding an NPP synthase; and 
an eleventh bacterium genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
MK, PMK, MPD, and IDI; and a further nucleic acid com 
prising a nucleotide sequence encoding a UPP synthase. 

In other embodiments, a subject kit will comprise a first 
bacterium genetically modified with one or more nucleic 
acids comprising nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
MPD, and IDI; and a further nucleic acid comprising a nucle 
otide sequence encoding a GPP synthase; a second bacterium 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding acetoacetyl-CoA thiolase, 
HMGS, HMGR, MK, PMK, MPD, and IDI; and a further 
nucleic acid comprising a nucleotide sequence encoding an 
FPP synthase; a third bacterium genetically modified with 
one or more nucleic acids comprising nucleotide sequences 
encoding acetoacetyl-CoA thiolase, HMGS, HMGR, MK, 
PMK, MPD, and IDI; and a further nucleic acid comprising a 
nucleotide sequence encoding a GGPP synthase; a fourth 
bacterium genetically modified with one or more nucleic 
acids comprising nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
MPD, and IDI; and a further nucleic acid comprising a nucle 
otide sequence encoding a GFPP synthase; a fifth bacterium 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding acetoacetyl-CoA thiolase, 
HMGS, HMGR, MK, PMK, MPD, and IDI; and a further 
nucleic acid comprising a nucleotide sequence encoding a 
HexPP synthase; a sixth bacterium genetically modified with 
one or more nucleic acids comprising nucleotide sequences 
encoding acetoacetyl-CoA thiolase, HMGS, HMGR, MK, 
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PMK, MPD, and IDI; and a further nucleic acid comprising a 
nucleotide sequence encoding a HepPP synthase; a seventh 
bacterium genetically modified with one or more nucleic 
acids comprising nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
MPD, and IDI; and a further nucleic acid comprising a nucle 
otide sequence encoding an OPP synthase; an eighth bacte 
rium genetically modified with one or more nucleic acids 
comprising nucleotide sequences encoding acetoacetyl-CoA 
thiolase, HMGS, HMGR, MK, PMK, MPD, and IDI; and a 
further nucleic acid comprising a nucleotide sequence encod 
ing an SPP synthase; a ninth bacterium genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding acetoacetyl-CoA thiolase, HMGS, 
HMGR, MK, PMK, MPD, and IDI; and a further nucleic acid 
comprising a nucleotide sequence encoding a DPP synthase; 
a tenth bacterium genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
MPD, and IDI; and a further nucleic acid comprising a nucle 
otide sequence encoding an NPP synthase; and an eleventh 
bacterium genetically modified with one or more nucleic 
acids comprising nucleotide sequences encoding 
acetoacetyl-CoA thiolase, HMGS, HMGR, MK, PMK, 
MPD, and IDI; and a further nucleic acid comprising a nucle 
otide sequence encoding a UPP synthase. 

In some of the above-described embodiments, where the 
genetically modified host cell is a prokaryotic cell that is 
genetically modified with a nucleic acid(s) comprising nucle 
otide sequences encoding MEV pathway enzymes, the host 
cell further comprises a functionally disabled endogenous pta 
gene, e.g., a deletion of all or part of an endogenous pta gene. 
In some of the above-described embodiments, where the 
genetically modified host cell is a prokaryotic cell that is 
genetically modified with a nucleic acid(s) comprising nucle 
otide sequences encoding MEV pathway enzymes, the host 
cell further comprises a functionally disabled endogenous 
DXP pathway gene, e.g., a deletion of all or part of an IspC 
gene. 

In other embodiments, a subject kit will comprise a first 
eukaryotic cell (e.g., a yeast cell) genetically modified with 
one or more nucleic acids comprising nucleotide sequences 
encoding 1-deoxy-D-xylulose-5-phosphate synthase, 
1-deoxy-D-xylulose-5-phosphate reductoisomerase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2C-me 
thyl-D-erythritol 2.4-cyclodiphosphate synthase, 1-hydroxy 
2-methyl-2-(E)-butenyl 4-diphosphate synthase, and isopen 
tenyl/dimethylallyl diphosphate synthase (DXP pathway 
enzymes 1-7); and a further nucleic acid comprising a nucle 
otide sequence encoding a GPP synthase; a second eukaryotic 
cell (e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 1-7; and a further nucleic acid com 
prising a nucleotide sequence encoding an FPP synthase; a 
third eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-7; and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
a GGPP synthase; a fourth eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-7; and a further nucleic acid comprising a nucleotide 
sequence encoding a GFPP synthase; a fifth eukaryotic cell 
(e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 1-7; and a further nucleic acid com 
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prising a nucleotide sequence encoding a HexPP synthase; a 
sixth eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-7; and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
a HepPP synthase; a seventh eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-7; and a further nucleic acid comprising a nucleotide 
sequence encoding an OPP synthase; an eighth eukaryotic 
cell (e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 1-7; and a further nucleic acid com 
prising a nucleotide sequence encoding an SPP synthase; a 
ninth eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-7; and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
a DPP synthase; a tenth eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-7; and a further nucleic acid comprising a nucleotide 
sequence encoding an NPP synthase; and an eleventh eukary 
otic cell (e.g., a yeast cell) genetically modified with one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-7; and a further nucleic acid 
comprising a nucleotide sequence encoding a UPP synthase. 

In other embodiments, a subject kit will comprise a first 
eukaryotic cell (e.g., a yeast cell) genetically modified with 
one or more nucleic acids comprising nucleotide sequences 
encoding 4-diphosphocytidyl-2-C-methyl-D-erythritol Syn 
thase, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 
2C-methyl-D-erythritol 2.4-cyclodiphosphate synthase, 
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, 
and isopentenyl/dimethylallyl diphosphate synthase (DXP 
pathway enzymes 3-7); and a further nucleic acid comprising 
a nucleotide sequence encoding a GPP synthase; a second 
eukaryotic cell (e.g., a yeast cell) genetically modified with 
one or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 3-7; and a further nucleic 
acid comprising a nucleotide sequence encoding an FPP Syn 
thase; a third eukaryotic cell (e.g., a yeast cell) genetically 
modified with one or more nucleic acids comprising nucle 
otide sequences encoding DXP pathway enzymes 3-7; and a 
further nucleic acid comprising a nucleotide sequence encod 
ing a GGPP synthase; a fourth eukaryotic cell (e.g., a yeast 
cell) genetically modified with one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 3-7; and a further nucleic acid comprising a nucle 
otide sequence encoding a GFPP synthase; a fifth eukaryotic 
cell (e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 3-7; and a further nucleic acid com 
prising a nucleotide sequence encoding a HexPP synthase; a 
sixth eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 3-7; and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
a HepPP synthase; a seventh eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
3-7; and a further nucleic acid comprising a nucleotide 
sequence encoding an OPP synthase; an eighth eukaryotic 
cell (e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 3-7; and a further nucleic acid com 
prising a nucleotide sequence encoding an SPP synthase; a 
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ninth eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 3-7; and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
a DPP synthase; a tenth eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
3-7; and a further nucleic acid comprising a nucleotide 
sequence encoding an NPP synthase; and an eleventh eukary 
otic cell (e.g., a yeast cell) genetically modified with one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 3-7; and a further nucleic acid 
comprising a nucleotide sequence encoding a UPP synthase. 

In other embodiments, a subject kit will comprise a first 
eukaryotic cell (e.g., a yeast cell) genetically modified with 
one or more nucleic acids comprising nucleotide sequences 
encoding 1-deoxy-D-xylulose-5-phosphate synthase, 
1-deoxy-D-xylulose-5-phosphate reductoisomerase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 2C-me 
thyl-D-erythritol 2.4-cyclodiphosphate synthase, and 1-hy 
droxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (DXP 
pathway enzymes 1-6); and a further nucleic acid comprising 
a nucleotide sequence encoding a GPP synthase; a second 
eukaryotic cell (e.g., a yeast cell) genetically modified with 
one or more nucleic acids comprising nucleotide sequences 
encoding DXP pathway enzymes 1-6; and a further nucleic 
acid comprising a nucleotide sequence encoding an FPP Syn 
thase; a third eukaryotic cell (e.g., a yeast cell) genetically 
modified with one or more nucleic acids comprising nucle 
otide sequences encoding DXP pathway enzymes 1-6; and a 
further nucleic acid comprising a nucleotide sequence encod 
ing a GGPP synthase; a fourth eukaryotic cell (e.g., a yeast 
cell) genetically modified with one or more nucleic acids 
comprising nucleotide sequences encoding DXP pathway 
enzymes 1-6; and a further nucleic acid comprising a nucle 
otide sequence encoding a GFPP synthase; a fifth eukaryotic 
cell (e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 1-6; and a further nucleic acid com 
prising a nucleotide sequence encoding a HexPP synthase; a 
sixth eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6; and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
a HepPP synthase; a seventh eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-6; and a further nucleic acid comprising a nucleotide 
sequence encoding an OPP synthase; an eighth eukaryotic 
cell (e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising a nucleotide sequences encoding 
DXP pathway enzymes 1-6; and a further nucleic acid com 
prising a nucleotide sequence encoding an SPP synthase; a 
ninth eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 1-6; and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
a DPP synthase; a tenth eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
1-6; and a further nucleic acid comprising a nucleotide 
sequence encoding an NPP synthase; and an eleventh eukary 
otic cell (e.g., a yeast cell) genetically modified with one or 
more nucleic acids comprising nucleotide sequences encod 
ing DXP pathway enzymes 1-6; and a further nucleic acid 
comprising a nucleotide sequence encoding a UPP synthase. 
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In other embodiments, a subject kit will comprise a first 

eukaryotic cell (e.g., a yeast cell) genetically modified with 
one or more nucleic acids comprising nucleotide sequences 
encoding 4-diphosphocytidyl-2-C-methyl-D-erythritol Syn 
thase, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 
2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, and 
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase 
(DXP pathway enzymes 3-6); and a further nucleic acid com 
prising a nucleotide sequence encoding a GPP synthase; a 
second eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 3-6, and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
an FPP synthase; a third eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
3-6; and a further nucleic acid comprising a nucleotide 
sequence encoding a GGPP synthase; a fourth eukaryotic cell 
(e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 3-6; and a further nucleic acid com 
prising a nucleotide sequence encoding a GFPP synthase; a 
fifth eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 3-6, and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
a HexPP synthase; a sixth eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
3-6; and a further nucleic acid comprising a nucleotide 
sequence encoding a HepPP synthase; a seventh eukaryotic 
cell (e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 3-6; and a further nucleic acid com 
prising a nucleotide sequence encoding an OPP synthase; an 
eighth eukaryotic cell (e.g., a yeast cell) genetically modified 
with one or more nucleic acids comprising nucleotide 
sequences encoding DXP pathway enzymes 3-6, and a fur 
ther nucleic acid comprising a nucleotide sequence encoding 
an SPP synthase; a ninth eukaryotic cell (e.g., a yeast cell) 
genetically modified with one or more nucleic acids compris 
ing nucleotide sequences encoding DXP pathway enzymes 
3-6; and a further nucleic acid comprising a nucleotide 
sequence encoding a DPP synthase; a tenth eukaryotic cell 
(e.g., a yeast cell) genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
DXP pathway enzymes 3-6; and a further nucleic acid com 
prising a nucleotide sequence encoding an NPP synthase; and 
an eleventh eukaryotic cell (e.g., a yeast cell) genetically 
modified with one or more nucleic acids comprising nucle 
otide sequences encoding DXP pathway enzymes 3-6, and a 
further nucleic acid comprising a nucleotide sequence encod 
ing a UPP synthase. 

In some of the above-described embodiments, where the 
genetically modified host cell is a eukaryotic cell that is 
genetically modified with a nucleic acid(s) comprising nucle 
otide sequences encoding DXP pathway enzymes, the host 
cell further comprises a functionally disabled endogenous 
MEV pathway gene, e.g., a deletion of all or part of an 
endogenous MEV pathway gene, e.g., a deletion of all or part 
of an endogenous MK gene. 

Typically, a plurality of each member genetically modified 
host cell is present in the population (or in each separate vial) 
e.g., a subject genetically modified host cell population com 
prises two or more member host cells, where from about 10 to 
about 10, from about 10° to about 10, from about 10 to 
about 10, or from about 10° to about 10 or more of each 
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member genetically modified host cell. In some embodi 
ments, the cells are eukaryotic cells. In other embodiments, 
the cells are prokaryotic cells, e.g., bacterial cells. 
A subject kit will in some embodiments further comprise a 

biosynthetic pathway Substrate, e.g. mevalonate, or methyl 
erythritol. A subject kit will in some embodiments further 
include a genetically modified host cell that serves as a posi 
tive control in a subject Screening method, where the control 
genetically modified host cell comprises one or more nucleic 
acids encoding MEV pathway or DXP pathway gene prod 
ucts, a prenyltransferase, and known terpene synthase, where 
the known terpene synthase is one that modifies a product of 
the prenyl transferase. As one non-limiting example, in some 
embodiments, a positive control genetically modified host 
cell is a prokaryotic cell that comprises one or more nucleic 
acids that comprise nucleotide sequences encoding MK, 
PMK, MPK, an FPP synthase, and amorphadiene synthase. 
As another non-limiting example, in some embodiments, a 
positive control genetically modified host cell is a eukaryotic 
cell (e.g., a yeast cell) that comprises one or more nucleic 
acids encoding DXP pathway enzymes 1-7 (or 3-7, or 1-6, or 
3-6), an FPP synthase, and amorphadiene synthase. 

In some embodiments, the kit will further include an infor 
mational package insert describing the use of the 
component(s) of the kit in carrying out a Subject Screening 
method. These instructions may be present in the subject kits 
in a variety of forms, one or more of which may be present in 
the kit. One form in which these instructions may be present 
is as printed information on a Suitable medium or Substrate, 
e.g., a piece or pieces of paper on which the information is 
printed, in the packaging of the kit, in a package insert, etc. Yet 
another means would be a computer readable medium, e.g., 
diskette, compact disc (CD), etc., on which the information 
has been recorded. Other suitable media include, audiovisual 
media, e.g., digital versatile disk (DVD), Videotape, and the 
like. Yet another means that may be present is a website 
address which may be used via the Internet to access the 
information at a removed site. Any convenient means may be 
present in the kits. 

EXAMPLES 

The following examples are put forth so as to provide those 
of ordinary skill in the art with a complete disclosure and 
description of how to make and use the present invention, and 
are not intended to limit the scope of what the inventors regard 
as their invention nor are they intended to represent that the 
experiments below are all or the only experiments performed. 
Efforts have been made to ensure accuracy with respect to 
numbers used (e.g. amounts, temperature, etc.) but some 
experimental errors and deviations should be accounted for. 
Unless indicated otherwise, parts are parts by weight, 
molecular weight is weight average molecular weight, tem 
perature is in degrees Celsius, and pressure is at or near 
atmospheric. Standard abbreviations may be used, e.g., bp. 
base pair(s): kb, kilobase(s); pl. picoliter(s); S or sec, 
second(s); min, minute(s); h or hr, hour(s); aa, amino acid(s): 
nt, nucleotide(s); and the like. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

72 
Example 1 

Identifying Terpene Synthase Genes Using E. coli 
Genetically Modified to Synthesize an Intermediate 

in the Mevalonate (MEV) Pathway 

Materials and Methods 
Strains and Media. 

E. coli DH1 OB was used as the cloning and isoprenoid 
expression Strain. The bacterial strains and plasmid used are 
shown in Table 1. E. coli DH1 OB: Gibco-Life Technologies: 
E. coli DYM1: Kuzuyama et al. (1999) Biosci. Biotechnol. 
Biochem. 63:776-778; pCR4: Invitrogen; pTrc99A: Pharma 
cia; pBBR1MCS-3: Kovach et al. (1995)Gene 166:175-176: 
pBAD33: Guzman et al. (1995).J. Bacteriol. 177:4121-4130; 
pAC-LYC04: Cunningham et al. (1994) 6:1107-1121. 

TABLE 1 

Strain or Plasmid Description 

E. Coi DH10B 
E. coii DYM1 dxr E. coistrain 
pCR4 TA cloning vector; AP 
pTrc99A High-copy expression plasmid; AP 
pBBR1MCS-3 Low-copy broad-host expression plasmid; Tc 
pBAD33 Low-copy broad-host expression plasmid; Cm 
pLac33 Low-copy broad-host expression plasmid; Cm 
pSOE4 SOE4 operon expression plasmid; Cm 
pAC-LYC04 Plasmid expressing the IPP isomerase (ippHp) isolated 

from Haematococcus pluvialis; Cm 
pMevB MevB operon expression plasmid.: Tc' 
pMBI MBI operon expression plasmid. Tc' 
pMBIS MBIS operon expression plasmid; Tc' 
pMevT MevT operon expression plasmid; Cm' 
pADS Synthetic amorphadiene synthase expression plasmid: 

APR 

In Table 1, Ap' indicates ampicillin resistance, Tc' indi 
cates tetracycline resistance, and Cm' indicates chloram 
phenicol resistance. 

Nucleotide sequences of polymerase chain reaction (PCR) 
primers used are as follows: 

Primer Sequence 

MK-f 5 - GATCTGCAGTAGGAGGAATTAACCATGCATTACCGTTCT 
TAACT-3' 

(SEQ ID NO: 1) 

MK- s' - TTGATCTGCCTCCTATGAAGTCCATGGTAAATT-3' 

(SEQ ID NO: 2) 

PMK-f 5 - ACTTCATAGGAGGCAGATCAAATGTCAGAGTTGAGAGCC 
TTC-3 

(SEQ ID NO:3) 

PMK-r s' - GAGTATTACCTCCTATTTATCAAGATAAGTTTC-3' 

(SEQ ID NO : 4) 

MPD-f 5 - GATAAATAGGAGGTAATACTCATGACCGTTTACACAGCA 
TCC-3 

(SEO ID NO. 5) 

MPD- s' - TACCTGCAGTTATTCCTTTGGTAGACCAGT-3' 

(SEQ ID NO : 6) 

atoB-f 5" - GATGTCGACTAGGAGGAATATAAAATGAAAAATTGTGTC 
ATCGTC-3' 

(SEO ID NO: 7) 

ato - " - TTAGCTGTCCTCCTTAATTCAACCGTTCAATCAC-3' 

(SEQ ID NO:8) 
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- Continued 

Primer Sequence 

HMGS - if 5 - GATGTCGACAGGAGGACAGCTAAATGAAACTCTCAACTA 
AACTTTG-3' 

(SEO ID NO: 9) 

HMGS - 5 -AGTGTAATCCTCCTTATTTTTTAACATCGTAAG-3' 

(SEQ ID NO: 10) 

tMGR- if 5-TTAAAAAATAAGGAGGATTACACTATGGTTTTAACCAAT 
AAAACAG-3' 

(SEQ ID NO: 11) 

tMGR- 5 - ATCGTCGACTTAGGATTTAATGCAGGTGACGGACC-3 

(SEQ ID NO:12) 

idi-f 5 - ATCCCGGGAGGAGGATTACTATATGCAAACGGAACACGT 
C-3' 

(SEQ ID NO: 13) 

5 - ATCCCGGGTTATTTAAGCTGGGTAAATG-3 

(SEQ ID NO: 14) 
idi-r 

5'-AGATCCGCGGAGGAGGAATGAGTAATGGACTTTCCGCAG 
CAAC-3' 

(SEQ ID NO: 

ispa-f 

5) 

ispa-r 5'-AGTGAGAGCTCTTATTTATTACGCTGGATGATG-3' 

dXS1 5-TTGGGCTAGCAGGAGGAATTCACCATGAGTTTTGATATT 
GCCAAATAC-3 

(SEQ ID NO: 16) 

dxs2 5-TCTGAGCAACGAACGAAGCATATATTTATGTCCTCCAGG 
CCTTGATTTTG-3 

(SEO ID NO:17) 

5 - CAAAATCAAGGCCTGGAGGACATAAATATATGCTTCGTT 
CGTTGCTCAGA-3' 

(SEQ ID NO: 18) 

ippHp1 

s' - GCATCCATGGTATCATCCTCCGTTGATGTGATG-3' 

(SEQ ID NO:19) 
ippHp2 

s" -TGATACCATGGACTTTCCGCAGCAACTCG-3' 

(SEQ ID NO: 2O) 
i spal 

s' - GTACATGCATTTATTTATTACGCTGGATGATG-3' 

(SEQ ID NO: 21) 
ipsa2 

SOE-f 5 - GGTACCGGGCCCCCCCTCGCCTCTAGAGTCGACTAGGAG 
GAATTCACCATGAGTTTTG-3' 

(SEQ ID NO: 22) 

For the growth studies, the optical density (OD) of cultures 
expressing the various recombinant pathways was measured 
with a microtiter plate reader (SpectraMax, Molecular 
Devices) from 200 ul cultures of LB broth in 96-well plates 
incubated at 37°C. with continuous shaking. (+)-Mevalono 
lactone was purchased from Sigma-Aldrich (St. Louis, Mo.) 
and 2-C-methyl-D-erythritol was synthesized from citraconic 
anhydride according to the protocol of DuVold-et al. DuVold 
et al. (1997) Tetrahedron Lett. 38:4769-4772. The ispC 
mutant E. coli strain DYM1 (Kuzuyama et al. (1999) Biosci. 
Biotechnol. Biochem. 63.776-778) was used to test the func 
tionality of the synthetic mevalonate operons. The DYM1 
strain was propagated on LB medium containing 0.5 mM 
methylerithrytol (ME) and transformed DYM1 cells were 
first allowed to recover on plates supplemented with ME 
before streaking them on test media. Media used to test the 
functionality of the operons were supplemented with 1 mM 
DL-mevalonate prepared by mixing 1 volume of 2 M DL 
mevalonolactone with 1.02 volumes of 2 M KOH and incu 
bating at 37° C. for 30 min. Campos (2001) Biochem. J. 
353:59-67. 
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Synthesis of Amorphadiene Synthase Gene 
The synthetic amorphadiene synthase (ADS) gene was 

designed using Calcgene (Hale and Thompson (1998) Pro 
tein Exper. Purif. 12:185-188 (1998)) and the protein 
sequence of the synthase isolated by Mercke et al. (Mercke et 
al. (2000) Arch. Biochem. Biophys. 381:173-180). The nucle 
otide sequence of the synthetic ADS is shown in FIGS. 12A-C 
(SEQID NO:23 and 24). To assemble the ADS gene, each of 
the 84 overlapping oligonucleotides (Gibco BRL), was dis 
solved in dHO a final concentration of 100 uM. A mixture 
was prepared by combining 10 uL of each of the individual 
oligonucleotides. The first PCR reaction in the two-step PCR 
assembly of ADS contained in 100 uL, 1xPfu polymerase 
buffer (20 mM Tris-HCl pH 8.8, 2 mM MgSO 10 mM KC1, 
10 mM (NH)SO, 0.1% Triton X100, 0.1% mg/mL BSA), 
0.25 mM of each dNTP, 1 uMofoligonucleotides mixture and 
5 UPfu polymerase (Stratagene). The PCR cycling program 
was 94° C. for 30s, 40°C. for 2 min, 72° C. for 10s followed 
by 40 cycles of 94° C. for 15s, 40° C. for 30s, 72° C. for 20 
s+3 s per cycle. The second PCR reaction contained in 100 
uL, 33 uL of the first assembly reaction, 1xPfu buffer, 0.25 
mM of each dNTP and 5 U Pfu polymerase. The PCR pro 
gram for the second step of the assembly was as follows: 94° 
C. for 30s, 40° C. for 10 s. 72° C. for 10s followed by 25 
cycles of 94° C. for 15s, 40° C. for 30s, 72° C. for 45 s+1 s 
per cycle. The DNA smear in the range of 1.7 kb was gel 
purified and used as template for a third and final PCR reac 
tion containing in 100 uL. 1xPfu buffer, 0.25 mM of each 
dNTP 250 nM each of the two outside primers (T-1 and 
B-42), 10uL of the gel purified DNA and 5 UPfu polymerase. 
The PCR program was 40 cycles of 94° C. for 45s and 72° C. 
for 4 min followed by a final step at 72° C. for 10 min. The 
expected 1.7 kb band was gel purified and ligated into 
pTrc99A using 5'-NcoI and 3'-Xmal sites designed into the 
gene sequence, thereby generating pADS. Two rounds of 
site-directed mutagenesis were needed to eliminate point 
mutations and generate a functional gene. 
Construction of the DXP Pathway Operon 
The dxs gene of E. coli was spliced to the IPP isomerase 

gene (ippHp) from p AC-LYC04 (Cunningham et al. (1994) 
Plant Cell 6:1107-1121) using overlapping extensions and 
PCR primers dxs1, dxs2, ippHp 1 and ippHp2 (see above for 
primer sequences). The E. coli ispA gene was isolated by 
PCR using primers ispal and ipsa2 and ligated to the NcoI site 
3' to ippHp. The three-gene DXP operon was amplified with 
primers SOE-f and ispa2 and cloned into the KpnI-PstI sites 
ofpMevT thereby replacing the MevT operon with the SOE4 
operon. 
Construction of the Mevalonate Pathway Operons 
The Saccharomyces cerevisiae mevalonate pathway was 

engineered as two separate, independently expressed oper 
ons. The genes encoding the last three enzymes of the bio 
synthetic pathway, mevalonate kinase (MK or ERG12), phos 
phomevalonate kinase (PMK or ERG18) and mevalonate 
pyrophosphate decarboxylase (MPD or ERG19) were iso 
lated by PCR from chromosomal DNA preparations of S. 
cerevisiae, using the PCR primers shown above. The indi 
vidual genes were spliced together (MevB, FIG. 13) using 
overlapping extensions from primers MK-f. MK-r, PMK-f. 
PMK-r, MPD-fand MPD-r. The genes encoding the first three 
enzymes of the mevalonate pathway, the acetoacetyl-CoA 
thiolase from E. coli (AACT or atoB), 3-hydroxy-3-methyl 
glutaryl-CoA synthase (HMGS or ERG13) and a truncated 
version of 3-hydroxy-3-methylglutaryl-CoA reductase (Po 
lakowslietal. (1998) Appl. Microbiol. Biotechnol. 49:66-71) 
(thMGR1) were isolated and spliced together as a single 
operon (MevT, FIG. 13) using the following primers: atoB-f. 
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atoB-r, HMGS-f, HMGS-r, thMGR-f and thMGR-r. Indi 
vidual genes were isolated via PCR using Pfu DNA poly 
merase and a standard PCR protocol. The synthetic operons 
were ligated into pCR4 (TA vector from Invitrogen), after the 
addition of 3' A-overhangs, and sequenced to ensure accu 
racy. The MevB operon was ligated into the PstI site of 
pBBR1MCS-3 (Kovach et al. (1995) Gene 166:175-176) 
generating pMeVB. The idi gene was ligated into the Xmal 
site, 3' to MevBusing primers idi-fandidi-r. The MBI operon 
was moved to the SalI-SacI sites of p3BR1MCS-3 to gener 
ate pMBI. The ispA gene from E. coli was ligated into the 
SacI-SacII sites of pMBI using primers ispa-f and ispa-r 
thereby producing pMBIS. The MevT operon was ligated into 
the Xmal-PstI sites of plBAD33 (Guzman et al. (1995) supra). 
To place the operon under control of the P. promoter, the 
araC-P. NsiI-Xmal fragment was replaced with the Nsil 
Xmal fragment of pHBR1MCS thereby generating pMevT. 
To generate plac33, the MevT operon was excised from 
pMevT with Sall. 

Nucleotide sequences encoding acetoacetyl-CoA thiolase, 
HMGS, a truncated HMGR, MK, PMK, MPD, IDI, and FPP 
synthase are provided as SEQID NOS:25, 26, 27, 28, 29, 30, 
34, and 35, respectively. Nucleotide sequences of the MevT 
operon, the MevB operon, the MBI operon, and the MBIS 
operon, as shown schematically in FIG. 13, are provided as 
SEQID NOs: 32,33, 36, and 37, respectively. A single operon 
comprising nucleotide sequences encoding, in order from 5' 
to 3', IDI, acetoacetyl-CoA thiolase, HMGS, HMGR, MK, 
PMK, and MPD, is provided as SEQ ID NO:31. The single 
operon comprises a P. promoter (nt 1-18), and coding 
sequences for: IDI (nt 97-642), acetoacetyl-CoA thiolase (nt 
684-1865), HMGS (nt 1882-3354), truncated HMGR (nt 
3371-4876), MK (nt 4907-6235), PMK (nt 6251-7603), and 
MPD (nt 7619-8806). 
GC-MS Analysis of Amorphadiene 

Amorphadiene production by the various strains was mea 
sured by GC-MS as described in Martin et al. (Martin et al. 
(2001) Biotechnol. Bioeng. 75:497-503) by scanning only for 
two ions, the molecular ion (204 m/z) and the 189 m/z ion. 
Cells were grown in LB medium at 37° C. for 2 hrs and 
induced to express the ADS and the mevalonate pathway by 
the simultaneous addition of 0.5 mMIPTG and varying con 
centrations of (+)-mevalonate. Amorphadiene concentrations 
were converted to caryophyllene equivalents using a caryo 
phyllene standard curve and the relative abundance of ions 
189 and 204 m/z of the two compounds. The sesquiterpene 
caryophyllene was purchased from Sigma-Aldrich (St. Louis, 
Mo.). 
Radio-HPLC Analysis of Intracellular Prenyl Pyrophos 
phates 

Intracellular IPP+DMAPP and FPP levels were measured 
using a resting cell Suspension assay Supplemented with (R)- 
5-HI-mevalonate (39Ci/mmol, PerkinElmer LifeSciences, 
Boston Mass.). Cells induced with 0.5 mM IPTG cells then 
grown in LB broth at 37° C. to an ODoo of -0.6, harvested, 
washed once and suspended to 20-x concentration in 100 mM 
KPO, buffer (pH 7.4). Unlabeled (+)-mevalonate (10 mM) 
and H-radiolabeled (R)-mevalonate (60 uCi) were added to 
8 mL of cell suspension and incubated at 37°C. Cells from 1.5 
mL aliquots were washed twice with cold KPO buffer and 
the intracellular IPP+DMAPP and FPP were extracted from 
cell pellets with 1 mL of methanol:chloroform (2:1). The cell 
extracts were dephosphorylated using potato acid phos 
phatase as previously described by Fujii et al. (Fujii et al. 
(1982) Biochem. Biophys. Acta 712:716-718). The prenyl 
alcohols were resolved on a reverse phase C-18 column (4.5 
mmx250 mm 5u particle size, Alltech) by HPLC (Agilent 
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Technologies model 1100) using the method of Zhang and 
Poulter (1993) Anal. Biochem. 213:356-361) and detected 
with a flow-through scintillation counter (Packard Bio 
Science, Radiomatic model 500TR). 
Results 
Genetically Modifying E. coli To Express the S. cerevisiae 
MEV Pathway 
To increase the intracellular concentration of FPP substrate 

Supplied to the amorphadiene synthase, the genes encoding 
the mevalonate-dependent isoprenoid pathway from S. Cer 
evisiae were assembled into operons and expressed in E. coli. 
To simplify the task of engineering an eight-gene biosynthetic 
pathway, we divided the genes into two operons, referred to as 
the “top” and “bottom'. The top operon, MevT, transforms 
the ubiquitous precursor acetyl-CoA to (R)-mevalonate in 
three enzymatic steps (FIG. 13). The bottom operon converts 
the (R)-mevalonate to IPP. DMAPP and/or FPP depending on 
the construct (FIG. 13). To test the functionality of the heter 
ologous pathway, an E. coli Strain deficient in isoprenoid 
synthesis (strain DYM1) was transformed with plasmids 
expressing the three different bottom operon constructs 
pMevB, pMBI and pMBIS (FIG. 13). Strain DYM1 has a 
deletion in the ispC gene, which encodes 1-deoxy-D-xylu 
lose-5-phosphate reductoisomerase (Kuzuyama et al. (1999) 
Supra) and therefore, cannot synthesize 2-C-methyl-D-eryth 
ritol 4-phosphate, an intermediate in the endogenous iso 
prenoid biosynthetic pathway (FIG. 3). As expected, all 
strains grew in the presence of 2-C-methyl-D-erythritol 
(ME), but only the strains harboring pMBI or pMBIS and not 
pMevB grew on plates supplemented with 1 mM mevalonate 
in the absence of ME. These results established that the syn 
thetic MBI and MBIS operons were functional and capable of 
supplying IPP and DMAPP required for the growth of E. coli. 
Because the DXP pathway supplies the cells with IPP and 
DMAPP from a branch point, a mutation in ispC prohibits the 
synthesis of both pyrophosphate precursors. Although E. coli 
maintains a nonessential copy of the IPP isomerase gene on 
its chromosome, the expression of the gene appears to be too 
low to support the growth of E. coli when only IPP is supplied 
by the MevB operon. 
To complete the mevalonate pathway and allow the Syn 

thesis of sesquiterpene precursors from a simple and inexpen 
sive carbon Source, the pMeVT plasmid expressing the 
remaining three genes (atoB, HMGS and thMGR) of the 
mevalonate isoprenoid pathway was co-transformed with 
either pMBI or pMBIS. Co-expression of the two operons, 
which together encode a complete pathway for the synthesis 
of isoprenoids from acetyl-CoA, was able to complement the 
ispC deletion even in the absence of mevalonate, indicating 
that the MevT operon was functional. 
Amorphadiene Synthesis from Mevalonate 
To achieve high-level production of amorphadiene and to 

determine if the supply of FPP to the terpene synthase was 
limiting amorphadiene yields, the mevalonate pathway was 
coupled to amorphadiene synthesis in E. coli. Cells harboring 
the ADS gene co-expressed with the MBIS bottom operon 
were grown in medium Supplemented with exogenous meva 
lonate. GC-MS analysis of the culture extracts revealed that 
the peakamorphadiene concentration from these cultures was 
proportional to the amount of mevalonate added to the 
medium, up to a concentration of 40 mM mevalonate. These 
results indicated that flux from the MBIS operon did not limit 
amorphadiene production at the highest mevalonate concen 
tration used. Cultures supplemented with 40 mM mevalonate 
produced a peak concentration of 3.4 g caryophyllene 
equivalents/mL/ODoo, which is a 40- and 11-fold increase 
over the endogenous and engineered DXP pathway, respec 
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tively. The drop in amorphadiene concentration with time was 
due to the loss of the volatile terpene to the headspace, which 
means that these reported production values are certainly 
underestimated. 

Severe growth inhibition was observed upon addition of 
greater than 10 mM mevalonate in the control cultures where 
the amorphadiene synthase was not expressed. To investigate 
the cause of this inhibition, measured the growth of E. coli 
DH10B from strains harboring either the pMKPMK, pMevB, 
pMBI or pMBIS plasmid in media supplemented with 
increasing concentrations of exogenous mevalonate was 
measured. While the addition of 5 mM mevalonate to the 
media inhibited the growth of cells harboring pMevB, this 
concentration of mevalonate did not affect the growth of cells 
harboring pMKPMK, pMBI or pMBIS. Expression of the 
operons in the absence of mevalonate or in media Supple 
mented with 1 mM mevalonate resulted in only a slight 
decrease in growth. Thus, the data indicate that the accumu 
lation of IPP, which occurs in cells with high flux through the 
mevalonate pathway, is toxic and inhibits normal cell growth. 
To compare the intracellular prenyl pyrophosphate pools in 
the same strains, resting cells harboring the different meva 
lonate operon constructs were fed radiolabeled mevalonate 
and the labeled metabolites were tracked. The strain express 
ing MevBaccumulated IPP but not FPP, whereas the MBI and 
MBIS strains accumulated FPP but did not build up measur 
able levels of intracellular IPP. Simultaneous expression of 
the amorphadiene synthase consumed the excess FPP pool 
accumulated in the MBIS host, as shown by a decrease in 
intracellular FPP. 

Because cells expressing MBIS accumulated FPP and 
exhibited growth inhibition in the presence of 10 mM meva 
lonate, it was postulated that the co-expression of the amor 
phadiene synthase would alleviate the growth inhibition by 
channeling the intracellular prenyl pyrophosphate intermedi 
ates to the volatile terpene olefin. Growth inhibition was only 
observed in strains lacking the ADS gene approximately 2 
hours after addition of 1040 mM mevalonate and IPTG. In 
contrast, cells co-expressing the MBIS operon and the Syn 
thase gene both under control of IPTG-inducible promoters 
exhibited normal growth rates at all mevalonate concentra 
tions. Amorphadiene production from these cultures 
increased proportionally with the addition of exogenous 
mevalonate, further Supporting the conclusion that the con 
version of FPP to amorphadiene plays a key role in minimiz 
ing growth inhibition. Taken together, these data strongly 
Suggest that the engineered mevalonate pathway produces 
high levels of the pyrophosphate precursors. However, in the 
absence of the IPP isomerase, FPP synthase and terpene 
synthase to channel the pathway intermediates to the terpene 
olefin, toxic levels of intracellular pyrophosphates, especially 
IPP may accumulate. 
Exogenous Nucleic Acids Encoding Terpene Synthase 
Relieve Terpene Biosynthetic Pathway Intermediate-Induced 
Growth Inhibition 

E. coli was genetically modified to express the S. cerevisiae 
MEV pathway, as described above, and was grown in meva 
lonate-rich growth medium. Control cells were screened for 
growth inhibition. The cells were genetically modified with 
nucleic acid from an isoprenoid-producing organism. The 
cells produced an intermediate in the MEV pathway, which 
intermediate accumulated in the cell and inhibited growth of 
the cell. Exogenous nucleic acids were introduced into the 
growth-inhibited cells and were screened for relief of growth 
inhibition. The viable cells were then screened for terpene 
synthase genes. The results are shown in FIGS. 4-6. 
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FIG. 4. Triplicate cultures of E. coli, harboring the 

pTRC99A expression vector, express the genes encoding for 
mevalonate kinase, phosphomevalonate kinase, mevalonate 
diphosphate decarboxylase, IPP isomerase, and FPP synthase 
from the pBBR1MCS-2 plasmid with varying concentrations 
of mevalonate present in the culture medium. 

FIG. 5. Triplicate cultures of E. coli harboring the pTR 
CADS expression vector, a pTRC99A backbone containing 
the gene for amorphadiene synthase, which converts FPP to 
the sesquiterpene amorphadiene. 

FIG. 6. A mixed population of E. coli is initially equally 
represented by bacteria capable of converting FPP to amor 
phadiene and those incapable of converting FPP to amorpha 
diene. Both populations of bacteria are equally capable of 
converting the mevalonate present in the culture medium to 
FPP 

Example 2 

Identifying Terpene Synthase Gene Activity 
Exogenous Nucleic Acids 

E. coli is genetically modified, e.g., as described in 
Example 1, to express MEV pathway enzymes MK, PMK, 
MPD, and IDI under the control of an inducible promoter. 
Control genetically modified cells are grown in mevalonate 
rich growth medium, and monitored for growth inhibition, 
which may be accompanied by cell death, mutation of cellular 
DNA, or entry of the cell into a quiescent state. Test geneti 
cally modified cells are transformed with exogenous nucleic 
acids that may include nucleotide sequences encoding ter 
pene biosynthetic pathway genes, including, e.g., terpene 
synthases, and enzymes downstream from a terpene synthase. 
The exogenous nucleic acid is a cDNA library generated from 
mRNA isolated from cells of a unicellular organism; a cDNA 
library generated from mRNA isolated from cells of a multi 
cellular organism; a cDNA library generated from mRNA 
isolated from cells of a plant that has been wounded, infected 
with an insect, infected with an arachnid, Subjected to water 
deprivation, or subjected to another type of stress; a library of 
synthetic terpene synthase-encoding nucleic acids; etc. 
Expression of the MEV pathway genes in the transformed test 
cells is induced by adding inducer (e.g., IPTG) to the culture 
medium. The transformed test cells are then grown in medium 
containing mevalonate, and Screened for relief of growth 
inhibition. For example, the effect of the exogenous nucleic 
acid on the ability of the test host cells to survive the toxic 
terpene biosynthetic pathway intermediate is determined by 
identifying survivors. The viable cells are then screened for 
terpene synthase gene activity. 

Example 3 

Increasing Production of Prenyl Diphosphates in 
Genetically Modified E. coli Cells 

E. coli is genetically modified, e.g., as described in 
Example 1, to express MEV pathway enzymes MK, PMK, 
MPD, IDI, and FPP synthase under the control of an inducible 
promoter. Inducer (e.g., IPTG) and mevalonate are added to 
the growth medium, and cells are then screened for growth 
inhibition. Cells are plated on LB-agar plates at various times 
following addition of the inducer and mevalonate. Cells that 
form small colonies are further analyzed for the production of 
MEV pathway gene products that have increased catalytic 
activity. 
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Example 4 

Isolation of a Nucleic Acid Encoding a Terpene 
Biosynthetic Pathway Intermediate-Modifying Gene 
Product from a Library of Bacillus subtilis 6051 

Genomic DNA 

A genomic library from the isoprene-producing bacteria 
Bacillus subtilis 6051 was expressed from the pTrc99A plas 
mid in an E. coli strain engineered (genetically modified) to 
produce elevated levels of IPP and DMAPP. The engineered 
screening strain expressed nucleic acids encoding meva 
lonate kinase, phosphomevalonate kinase, mevalonate 
diphosphate decarboxylase, and IPP/DMAPP isomerase 
from the p3BR1MCS plasmid, as described in Example 1. 
Mevalonate was present in the growth medium at a concen 
tration of 10 mM. After several rounds of growth, only plas 
mids containing genomic fragments with eitheryhfR or nudF 
were found in the genomic library. The data are shown in FIG. 
T-9. 

FIG.7. Growth inhibition due to the overproduction of IPP 
and DMAPP Triplicate cultures of E. coli expressing the 
genes encoding for mevalonate kinase, phosphomevalonate 
kinase, mevalonate diphosphate decarboxylase, and IPP 
isomerase from the pBBR1MCS-2 plasmid were grown in the 
presence of various concentrations of mevalonate present in 
the culture medium. The cells also harbor the pTRC99A 
expression vector. 

FIG.8. Relief of growth inhibition by expression of yhfR. 
Triplicate cultures were set up, which were identical to those 
depicted in FIG. 7, except that pTRC99A was replaced by 
pYhfR. The pYhfR plasmid is a pTrc99A backbone that 
contains the geneyhfR. TheyhfR gene was isolated from a 
plasmid library containing genomic DNA from Bacillus sub 
tilis 6051. No growth inhibition was observed in this system 
for all concentrations of mevalonate studied. 

FIG. 9. Relief of growth inhibition by expression of nudF. 
Triplicate cultures were set up, which were identical to those 
in FIG. 7, except that pTRC99A was replaced by pC9b. The 
pC9b plasmid is a pTrc99A backbone that contains the gene 
nudF. The nudF gene was isolated from a plasmid library 
containing genomic DNA from Bacillus subtilis 6051. No 
growth inhibition was observed in this system for all concen 
trations of mevalonate studied. 

SEQUENCE LISTING 

<16 Os NUMBER OF SEO ID NOS: 37 

SEO ID NO 1 
LENGTH: 44 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE; 

OTHER INFORMATION: primer 

<4 OOs SEQUENCE: 1 

gatctgcagt aggaggaatt aaccatgcat taccgttctt aact 

<21 Os SEQ ID NO 2 
&211s LENGTH: 33 
&212s. TYPE: DNA 
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Example 5 

Identifying a Mevalonate Isoprenoid Pathway Gene 
with Increased Expression and/or Activity 

E. coli is engineered to express a portion of the S. cerevisiae 
MEV pathway that produces a toxic intermediate. Control 
cells producing this toxic intermediate are screened for 
growth inhibition, which may be by either cell death or muta 
tion. The cells are transformed with a gene or multiple genes 
that use the toxic intermediate as a Substrate and are screened 
for relief of growth inhibition. The viable cells are then 
screened for improved expression and/or activity of the trans 
formed gene. 
As a specific example, the accumulation of hydroxymeth 

ylglutaryl-CoA (HMG-CoA) is toxic to engineered E. coli. 
As demonstrated in FIG. 10 and FIG. 11, expression of S. 
cerevisiae HMG-CoA synthase from plasmid pHMGS in 
engineered E. coli leads to the accumulation of HMG-CoA 
and growth inhibition of E. coli. Introduction of a second 
plasmid (pHMGR) expressing HMG-CoA reductase into the 
engineered strain of E. coli eliminates HMG-CoA accumu 
lation and relieves growth inhibition (see FIGS. 10 and 11). 

FIG. 10. Cultures of E. coli expressing either no heterolo 
gous genes (Control), the S. cerevisiae HMG-CoA synthase 
alone (pHMGS & Empty Vector), or both the S. cerevisiae 
HMG-CoA synthase and HMG-CoA reductase (pHMGS & 
pHMGR) on separate expression vectors. Expression of 
HMG-CoA synthase alone inhibited cell growth of E. coli, 
while the additional expression of HMG-CoA reductase 
relieved the growth inhibition. 

FIG. 11. Metabolite analysis of cultures of E. coli express 
ing either no heterologous genes (Control), the S. cerevisiae 
HMG-CoA synthase alone (pHMGS and Empty Vector), or 
both the S. cerevisiae HMG-CoA synthase and HMG-CoA 
reductase (pHMGS and pHMGR) on separate expression 
vectors. E. coli expressing HMG-CoA synthase alone accu 
mulated HMG-CoA. E. coli expressing both HMG-CoA 
reductase and HMG-CoA synthase did not accumulate 
HMG-CoA over time. 
While the present invention has been described with refer 

ence to the specific embodiments thereof, it should be under 
stood by those skilled in the art that various changes may be 
made and equivalents may be substituted without departing 
from the true spirit and scope of the invention. In addition, 
many modifications may be made to adapt a particular situa 
tion, material, composition of matter, process, process step or 
steps, to the objective, spirit and scope of the present inven 
tion. All such modifications are intended to be within the 
Scope of the claims appended hereto. 

44 



US 7,927,794 B2 
81 

- Continued 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 2 

ttgatctgcc ticcitatgaag to catggtaa att 

<210s, SEQ ID NO 3 
&211s LENGTH: 42 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 3 

actt catagg aggcagat.ca aatgtcagag ttgaga.gc.ct tc 

<210s, SEQ ID NO 4 
&211s LENGTH: 33 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 4 

gag tattacct cotatttat caagataagt titc 

<210s, SEQ ID NO 5 
&211s LENGTH: 42 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 5 

gataaatagg agg taatact catgaccgtt tacacagcat co 

<210s, SEQ ID NO 6 
&211s LENGTH: 30 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 6 

tacctgcagt tatt cotttg gtagaccagt 

<210s, SEQ ID NO 7 
&211s LENGTH: 45 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OO > SEQUENCE: 7 

gatgtcgact aggaggaata taaaatgaaa aattgttgtca togto 

<210s, SEQ ID NO 8 
&211s LENGTH: 34 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 8 

ttagctgtcc ticcittaattic aaccogttcaa toac 

33 

42 

33 

42 
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SEO ID NO 9 
LENGTH: 46 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: primer 

SEQUENCE: 9 

US 7,927,794 B2 

- Continued 

gatgtcgaca ggagga cagc taaatgaaac tot Caactaa actittg 

agtgtaatcc ticcittattitt ttaa.catcgt aag 

SEQ ID NO 10 
LENGTH: 33 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: primer 

SEQUENCE: 1.O 

SEQ ID NO 11 
LENGTH: 46 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: primer 

SEQUENCE: 11 

ttaaaaaata aggaggatta cactatgtt ttalaccalata aaa.ca.g 

atcgt.cgact taggatttaa to aggtgac ggacc 

atc.ccgggag gaggattact atatgcaaac ggaac acgtc 

SEQ ID NO 12 
LENGTH: 35 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: primer 

SEQUENCE: 12 

SEQ ID NO 13 
LENGTH: 4 O 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: primer 

SEQUENCE: 13 

SEQ ID NO 14 
LENGTH: 28 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: primer 

SEQUENCE: 14 

atc.ccgggitt atttaa.gctg ggtaaatg 

SEO ID NO 15 
LENGTH: 43 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: primer 

46 

33 

46 

35 

4 O 

28 
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- Continued 

<4 OOs, SEQUENCE: 15 

agat.ccgcgg aggaggaatgagtaatggac titt cogcagc aac 

<210s, SEQ ID NO 16 
&211s LENGTH: 81 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 16 

agtgagagct Ctt atttatt acgctggatg atgttgggct agcaggagga attcaccatg 

agttittgata ttgccaaata c 

<210s, SEQ ID NO 17 
&211s LENGTH: 50 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 17 

tctgagcaac gaacgaagica tatatt tatgtcct c caggc cittgattittg 

<210s, SEQ ID NO 18 
&211s LENGTH: 50 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 18 

caaaat Caag gcctggagga cataaatata tott.cgttc gttgctic aga 

<210s, SEQ ID NO 19 
&211s LENGTH: 33 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 19 

gcatccatgg tat catcc to cqttgatgtg atg 

<210s, SEQ ID NO 2 O 
&211s LENGTH: 29 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 2O 

tgatac catg gactitt cogc agcaactic g 

<210s, SEQ ID NO 21 
&211s LENGTH: 32 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 21 

gtacatgcat ttattt atta cqctggatga tig 

<210s, SEQ ID NO 22 

43 

6 O 

81 

SO 

SO 

33 

29 

32 
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- Continued 

gagcttggcg tdgaaattac gcc to ctgaa totatictato ctgactitt.cg ctaccgc.gc.c 4500 

accgatcc.ga gtggcattgt ggaaaatgaa gtgtgtc.cgg tatttgcc.gc acgcaccact 456 O 

agtgcgttac agatcaatga tigatgaagtg atggattatc aatggtgtga tittagcagat 462O 

gt attacacg gtattgatgc cacgc.cgtgg gcgttcagtic cqtggatggit gatgcaggcg 468O 

acaaatcgcg aagc.ca.gaaa acgattatct gcatttaccc agcttaaata acccggggga 474. O 

tccact agtt Ctagagcggc cgccaccgcg gaggaggaat gagtaatgga Ctttcc.gcag 48OO 

Caacticgaag cctgcgittaa gCaggccaac Caggcgctga gcc.gttitt at CCCC cactg 486 O 

CCCttt Caga acactic cc.gt ggtcgaalacc atgcagtatg gcgcattatt aggtggtaag 492 O 

cgc.ctg.cgac ctitt cotggt titatgccacc ggit catatgt togg.cgittag cacaaac acg 498O 

ctggacgcac cc.gctg.ccgc cqttgagtgt atccacgctt act cattaat t catgatgat 5040 

ttaccggcaa tigatgatga Catctgcgt. c9cggtttgc caacctgcca ttgaagttt 51OO 

ggcgaa.gcaa acgcgatt ct cqctggcgac gctitt acaaa cqctggcgtt Ctcgattitta 516 O 

agcgatgc.cg atatgc.cgga agtgtcggac cqcgacagaa titt catgat ttctgaactg 522 O 

gcgagcgc.ca gtgg tattgc cqgaatgtgc ggtggtcagg cattagattt agacgcggaa 528 O 

ggcaaacacg tacctctgga cc.gcttgag ct attcatC gtcataaaac C9gcgcattg 534 O 

attcgc.gc.cg ccgttcgc.ct ttgcatta agcgc.cggag ataaaggacg tcgtgct Ctg 54 OO 

ccgg tactic acaagtatgc agaga.gcatc ggccttgcct tcc aggttca ggatgacat c 546 O 

Ctggatgtgg tdgagatac to aacgttg ggaaaacgcc agggtgc.cga C cagcaactt 552O 

ggtaaaagta Cct accctgc acttctgggit Cttgagcaag cc.cggaagaa agc.ccgggat 558 O 

Ctgatcgacg atgc.ccgt.ca gtc.gctgaaa Caactggctgaac agt cact catacctic 564 O 

gCactggaag cqctagogga cta catcatC cagcgtaata aataagagct C caatticgc.c st OO 

citat agtgag ticg tattacg cgc.gct cact ggc.cgt.cgtt ttacaacgt.c gtgactggga 576. O 

aaac cctdgc gttacc caac ttaatcgcct tdcagoa cat ccc cc titt.cg ccagotgg.cg 582O 

taat agcgaa gaggc.ccgca ccgat.cgc.cc titcc.caa.cag ttgcgcagcc taatggcga 588 O 

atggaaattig taag.cgittaa tattttgtta aaatt cqcgt taaattitttgttaaatcagc 594 O 

t catttittta accaat aggc cqa 5963 

What is claimed is: 
1. A method of identifying a gene product having activity in 

a terpene biosynthetic pathway, the method comprising: 
a) producing a test cell by introducing into a genetically 50 

modified host cellan exogenous nucleic acid comprising 
a nucleotide sequence encoding a candidate gene prod 
uct, wherein the genetically modified host cell is geneti 
cally modified with one or more nucleic acids that com 
prise nucleotide sequences encoding one or more of 55 
acetoacetyl-CoA thiolase, hydroxymethylglutaryl-CoA 
synthase, hydroxymethylglutaryl-CoA reductase, 
mevalonate kinase, phosphomevalonate kinase, and 
mevalonate pyrophosphate decarboxylase, wherein said 
genetic modification results in production of a prenyl 60 
diphosphate intermediate in an amount effective to 
inhibit growth of the genetically modified host cell; and 

b) determining the effect, if any, of expression of the can 
didate gene product on growth of the test cell, wherein a 
reduction in growth inhibition indicates the candidate 65 
gene product has activity in the terpene biosynthetic 
pathway. 

2. The method of claim 1, wherein the exogenous nucleic 
acid is isolated from a cell of a species that is different from 
the genetically modified host cell. 

3. The method of claim 2, wherein the exogenous nucleic 
acid is isolated from a eukaryotic cell or a prokaryotic cell. 

4. The method of claim 2, wherein the exogenous nucleic 
acid is isolated from a cell of an organism selected from a 
protozoan, a plant, a fungus, an algae, a yeast, a reptile, an 
amphibian, a mammal, a marine microorganism, a marine 
invertebrate, an arthropod, an isopod, an insect, an arachnid, 
an archaebacterium, and a eubacterium. 

5. The method of claim 4, wherein the genome of the 
organism is mutated prior to isolation of nucleic acid from the 
organism. 

6. The method of claim 1, wherein the exogenous nucleic 
acid is a cDNA. 

7. The method of claim 1, wherein the exogenous nucleic 
acid is genomic DNA. 

8. The method of claim 1, wherein the exogenous nucleic 
acid is synthetic DNA. 

9. The method of claim 8, wherein the synthetic DNA is 
amplified using a polymerase chain reaction. 
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10. The method of claim 1, wherein the genetically modi 
fied host cell is a prokaryotic cell. 

11. The method of claim 10, wherein the prokaryotic cell is 
Escherichia coli. 

12. The method of claim 1, wherein the genetically modi 
fied host cell is a eukaryotic cell. 

13. The method of claim 12, wherein the eukaryotic cell is 
a yeast cell. 

14. The method of claim 13, wherein the yeast cell is 
Saccharomyces cerevisiae. 

15. The method of claim 1, further comprising isolating the 
exogenous nucleic acid from the test cell. 

16. The method of claim 1, further comprising separating 
growth-inhibited test cells from test cells that exhibit a reduc 
tion in growth inhibition by buoyant density separation; and 
isolating the exogenous nucleic acid from the test cells that 
exhibit reduced growth inhibition. 

17. The method of claim 1, wherein the genetically modi 
fied host cell is further genetically modified with a nucleic 
acid comprising a nucleotide sequence encoding an isopen 
tenyl pyrophosphate isomerase. 

18. The method of claim 1, wherein the genetically modi 
fied host cell is further genetically modified with a nucleic 
acid comprising a nucleotide sequence encoding a prenyl 
transferase. 

19. The method of claim 1, wherein the prenyl diphosphate 
is a monoprenyl diphosphate. 

20. The method of claim 1, wherein the prenyl diphosphate 
is a polyprenyl diphosphate. 

21. The method of claim 20, wherein the polyprenyl 
diphosphate is selected from geranyl diphosphate, farnesyl 
diphosphate, geranylgeranyl diphosphate, geranylfarnesyl 
diphosphate, hexaprenyl diphosphate, heptaprenyl diphos 
phate, octaprenyl diphosphate, Solanesyl diphosphate, and 
decaprenyl diphosphate. 

22. The method of claim 1, wherein the determining step is 
by monitoring optical density of a liquid culture comprising 
the test cell, or by identifying a viable test cell. 

23. A method of identifying a gene product having activity 
in a terpene biosynthetic pathway, the method comprising: 

a) producing a test cell by introducing into a genetically 
modified host cellan exogenous nucleic acid comprising 
a nucleotide sequence encoding a candidate gene prod 
uct, wherein the genetically modified host cell is geneti 
cally modified with one or more nucleic acids compris 
ing nucleotide sequence encoding mevalonate kinase, 
phosphomevalonate kinase, and mevalonate pyrophos 
phate decarboxylase, wherein the genetically modified 
host cell is cultured in the presence of mevalonate, and 
wherein said genetic modification results in production 
of a prenyldiphosphate intermediate in an amount effec 
tive to inhibit growth of the genetically modified host 
cell; and 

b) determining the effect, if any, of expression of the can 
didate gene product on growth of the test cell, wherein a 
reduction in growth inhibition indicates the candidate 
gene product has activity in the terpene biosynthetic 
pathway. 

24. The method of claim 23, wherein the genetically modi 
fied host cell is further genetically modified with a nucleic 
acid comprising a nucleotide sequence encoding an isopen 
tenyl pyrophosphate isomerase. 

25. The method of claim 23, wherein the genetically modi 
fied host cell is further genetically modified with a nucleic 
acid comprising a nucleotide sequence encoding a prenyl 
transferase. 
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26. The method of claim 23, wherein the exogenous 

nucleic acid is isolated from a cell of a species that is different 
from the genetically modified host cell. 

27. The method of claim 23, wherein the exogenous 
nucleic acid is isolated from a eukaryotic cell or a prokaryotic 
cell. 

28. The method of claim 23, wherein the exogenous 
nucleic acid is isolated from a cell of an organism selected 
from a protozoan, a plant, a fungus, an algae, a yeast, a reptile, 
an amphibian, a mammal, a marine microorganism, a marine 
invertebrate, an arthropod, an isopod, an insect, an arachnid, 
an archaebacterium, and a eubacterium. 

29. The method of claim 28, wherein the genome of the 
organism is mutated prior to isolation of nucleic acid from the 
organism. 

30. The method of claim 23, wherein the exogenous 
nucleic acid is a cDNA, a genomic DNA, or a synthetic DNA. 

31. The method of claim 23, wherein the genetically modi 
fied host cell is a prokaryotic cell. 

32. The method of claim 31, wherein prokaryotic cell is 
Escherichia coli. 

33. The method of claim 23, wherein the genetically modi 
fied host cell is a eukaryotic cell. 

34. The method of claim 33, wherein the eukaryotic cell is 
a yeast cell. 

35. The method of claim 23, further comprising isolating 
the exogenous nucleic acid from the test cell. 

36. The method of claim 23, further comprising separating 
growth-inhibited test cells from test cells that exhibit a reduc 
tion in growth inhibition by buoyant density separation; and 
isolating the exogenous nucleic acid from the test cells that 
exhibit reduced growth inhibition. 

37. The method of claim 23, wherein the prenyl diphos 
phate is a monoprenyl diphosphate or a polyprenyl diphos 
phate. 

38. The method of claim 37, wherein the polyprenyl 
diphosphate is selected from geranyl diphosphate, farnesyl 
diphosphate, geranylgeranyl diphosphate, geranylfarnesyl 
diphosphate, hexaprenyl diphosphate, heptaprenyl diphos 
phate, octaprenyl diphosphate, Solanesyl diphosphate, and 
decaprenyl diphosphate. 

39. The method of claim 23, wherein the determining step 
is by monitoring optical density of a liquid culture comprising 
the test cell, or by identifying a viable test cell. 

40. A method of identifying a gene product having activity 
in a terpene biosynthetic pathway, the method comprising: 

a) producing a test cell by introducing into a genetically 
modified host cell an exogenous nucleic acid comprising 
a nucleotide sequence encoding a candidate gene prod 
uct, wherein the genetically modified host cell is geneti 
cally modified with one or more nucleic acids compris 
ing nucleotide sequences encoding 4-diphosphocytidyl 
2-C-methyl-D-erythritol synthase, 4-diphosphocytidyl 
2-C-methyl-D-erythritol kinase, 2C-methyl-D- 
erythritol 2.4-cyclodiphosphate synthase, 1-hydroxy-2- 
methyl-2-(E)-butenyl 4-diphosphate synthase, and 
isopentenyl/dimethylallyl diphosphate synthase, and 
wherein said genetic modification results in production 
of a prenyldiphosphate intermediate in an amount effec 
tive to inhibit growth of the genetically modified host 
cell; and 

b) determining the effect, if any, of expression of the can 
didate gene product on growth of the test cell, wherein a 
reduction in growth inhibition indicates the candidate 
gene product has activity in the terpene biosynthetic 
pathway. 
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41. The method of claim 40, wherein the test cell is grown 
in the presence of methylerithritol. 

42. The method of claim 40, wherein the genetically modi 
fied host cell is further genetically modified with one or more 
nucleic acids comprising nucleotide sequences encoding 
1-deoxy-D-xylulose-5-phosphate synthase, and 1-deoxy-D- 
Xylulose-5-phosphate reductoisomerase. 

43. The method of claim 40, wherein the exogenous 
nucleic acid is isolated from a cell of a species that is different 
from the genetically modified host cell. 

44. The method of claim 40, wherein the exogenous 
nucleic acid is isolated from a eukaryotic cell or a prokaryotic 
cell. 

45. The method of claim 40, wherein the exogenous 
nucleic acid is isolated from a cell of an organism selected 
from a protozoan, a plant, a fungus, an algae, a yeast, a reptile, 
an amphibian, a mammal, a marine microorganism, a marine 
invertebrate, an arthropod, an isopod, an insect, an arachnid, 
an archaebacterium, and a eubacterium. 

46. The method of claim 45, wherein the genome of the 
organism is mutated prior to isolation of nucleic acid from the 
organism. 

47. The method of claim 40, wherein the exogenous 
nucleic acid is a cDNA, a genomic DNA, or a synthetic DNA. 

48. The method of claim 40, wherein the genetically modi 
fied host cell is a prokaryotic cell. 
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49. The method of claim 48, wherein prokaryotic cell is 

Escherichia coli. 
50. The method of claim 40, wherein the genetically modi 

fied host cell is a eukaryotic cell. 
51. The method of claim 50, wherein the eukaryotic cell is 

a yeast cell. 
52. The method of claim 40, further comprising isolating 

the exogenous nucleic acid from the test cell. 
53. The method of claim 40, further comprising separating 

growth-inhibited test cells from test cells that exhibit a reduc 
tion in growth inhibition by buoyant density separation; and 
isolating the exogenous nucleic acid from the test cells that 
exhibit reduced growth inhibition. 

54. The method of claim 40, wherein the prenyl diphos 
phate is a monoprenyl diphosphate or a polyprenyl diphos 
phate. 

55. The method of claim 54, wherein the polyprenyl 
diphosphate is selected from geranyl diphosphate, farnesyl 
diphosphate, geranylgeranyl diphosphate, geranylfarnesyl 
diphosphate, hexaprenyl diphosphate, heptaprenyl diphos 
phate, octaprenyl diphosphate, Solanesyl diphosphate, and 
decaprenyl diphosphate. 

56. The method of claim 40, wherein the determining step 
is by monitoring optical density of a liquid culture comprising 
the test cell, or by identifying a viable test cell. 
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